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Abstract 
The promotion of intramolecular cyclisations using various synthetic methodologies 
remains an area of considerable interest in organic chemistry. In this thesis, the potential 
for large, bulky groups ("steric buttresses") to promote intramolecular cyclisations by a 
combination of entropic and enthalpic factors is presented. For the purposes of this study 
both Diels-Alder and ene cyclisations have been studied. 
The use of steric buttresses to promote the ene cyclisation of a 1,7-diene under relatively 
mild conditions is described, with different buttressing groups attached, to enable 
comparison of their relative buttressing ability. In this series the thermal stability of the 
cyclic products was also investigated, thus allowing further conclusions to be drawn on 
the buttressing ability of the groups studied. 
The ene reaction of a range of 1,6-dienes to give substituted pyrrolidines was 
investigated. This has enabled comparisons to be made on the reactivity of the enophiles 
in question. More importantly, the relative buttressing ability of the buttresses studied 
has been assessed, allowing their ability to both promote cyclisation and control 
selectivity to be classified. In addition our efforts to develop a viable synthetic route to 
kainic acid are discussed. 
The thermolysis of 1,6-dienes incorporating a hetero-enophile component was also the 
subject of study. The enophiles in this case ranged from carbonyl compounds to their 
imino and nitrile counterparts. Once again, this has enabled conclusions to be drawn on 
the reactivity of the enophiles involved. In addition, these studies have allowed us to 
better understand the suitability of steric buttressing as an aid to intramolecular 
cyclisations. 
Finally, in an effort to develop a chiral steric buttressing methodology, the use of 
ii 
ß-cyclodextrin ("macrocyclic steric buttressing") to promote an intramolecular Diels- 
Alder cyclisation is discussed. This study also resulted in the discovery of a remarkable 
solvent effect for an intramolecular, pericyclic reaction. 
111 
(3-cyclodextrin ("macrocyclic steric buttressing") to promote an intramolecular Diels- 
Alder cyclisation is discussed. This study also resulted in the discovery of a remarkable 
solvent effect for an intramolecular, pericyclic reaction. 
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"Why sir, there is every possibility that you will soon be able to tax it! " 
Michael Faraday to Gladstone, when asked about the usefulness of electricity. 
iv 
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1.1 Introduction 
Steric buttressing can be employed as a technique for the promotion of ring formation by 
intramolecular cyclisation. This approach requires the attachment of a space-filling 
substituent at a specified position within the molecular framework, remote from the 
reacting centres, which nonetheless promotes cyclisation. Crich and Dudkin' defined 
steric buttressing as: - 
"... a phenomenon in which a group remote from the site of reaction serves to limit the 
conformational space of a system leading, typically, to a rate enhancement. " 
The many different theories advanced to explain steric effects in organic chemistry also 
form the basis for rationalising the effects of steric buttressing. An understanding of 
these theories is therefore integral to this topic and the following represents a brief 
summary of this area. Sammes and Weller2 have carried out a more thorough review on 
this subject. 
1.2 Steric Effects 
1.2.1 The Thorpe-Ingold Effect 
An early attempt to rationalise steric effects was that of Beesley, Thorpe and Ingold. In 
1915 these workers proposed the "Thorpe-Ingold" effect3 to explain the consequences of 
alkyl substitution on cyclopropane ring formation. However, in this original paper the 
hypothesis was never proven, owing to a failure to make a key intermediate. 
The underlying theme of the Thorpe-Ingold effect is that alkyl substitution at a methylene 
carbon alters the internal bond angle a (Figure 1). Kirby and Lloyd4 have investigated 
this effect and their data illustrates the effect of alkyl substitution on the bond angle a 
(Figure 1). For dimethyl substitution (2) the internal angle a is reduced to 106.2°, 
significantly below the normal tetrahedral angle of 109° (1). If angle a is external to a 3- 
membered ring, as in (3), then the angle is increased to 118.4°. Thus the external angles 
1 
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between bonds on carbon atoms of small rings are increased over the "normal" 
tetrahedral angle leading, potentially, to decreased interactions between geminal 
exocyclic groups. 
Compound 
H 
1 ýA 11 1100 
CO2H 
Angle aa 
CO2H 
3 
CO2H 
a 
CO2H 
C02H 
a 
106.2° 
118.4° 
Figure 1 
CO2H 
aFrom X-ray data 
To summarise, the Thorpe-Ingold effect describes the consequences of substitution at a 
central methylene carbon and the effect this has on the internal bond angle a. From the 
data above (Figure 1) it can be seen that dialkyl substitution decreases the bond angle a. 
In turn, the reacting groups at the extremeties of the chain are closer together, leading to 
more encounters per unit time. Therefore, if these groups have the potential to react, it 
then follows that substitution will improve the chances of cyclisation occurring. 
1.2.2 gem-Dialkyl Effect 
The gem-dialkyl effect refers to the substitution of two alkyl groups for two hydrogens on 
a central, tethering carbon between two reactive centres. Hence, the gem-dialkyl effect 
was initially considered to be an extension of the Thorpe-Ingold effect. This conclusion 
was initially supported by observed large rate enhancements upon dialkyl substitution; 
the workerssa, b concerned attributing these results to a "scissoring" effect (Figure 2). 
2 
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Figure 2 
However, Keese and Meyer6 have questioned this explanation. X-ray crystallographic 
structure analyses of three selected classes of compounds, (4), (5) and (6) (Figure 3), 
incorporating gem-dimethyl substitution, have shown that no scissoring effect about the 
quaternary carbon is observed. Instead, these workers advanced the hypothesis that 
substitution promotes otherwise unfavourable gauche interactions (see later). 
4 
Figure 3 
5 6 
Irrespective of the actual explanation, large rate enhancements for cyclisations upon 
geminal substitution have been observed. In addition, the position of substitution with 
respect to the terminal reacting groups has been found to have an effect on the rate of 
cyclisation. Kirby, 5a along with Brown and Van Gulick, 5b found that positioning the 
dimethyl groups closer to the nucleophilic centre increased the rate of reaction (Figure 4); 
whereas when gem-dimethyl substitution was proximal to the electrophilic centre, 
reaction was retarded. 
3 
Chapter 1 
ý\ 
ýý Br 
7 
Relative rates: 
I 
/\ 
Introduction 
18 425 
NH2 L,, ýý NH2 ýý, 
Br ýý Br ýý Br ýý ýBr 
10 
Relative rates: 
1 
Figure 4 
11 12 
0.16 2 158 
13 
Suitable gem-dialkyl substitution can lead to large rate enhancements, as illustrated by 
the examples shown above. However, there are numerous examples where single alkyl 
groups sited on key, tethering, methylene carbons can produce similar, if not better rate 
enhancements. In such cases the gem-dialkyl effect cannot be advanced as an 
explanation and a more general approach is required. 
1.2.3 Reactive Rotamer Effect 
Any attempt to explain the rate enhancements observed thus far needs to be more general 
in nature. The "reactive rotamer effect", advanced by Bruice and Pandit, 7 is an attempt to 
address this need. This theory suggests that substitution leads to greater conformational 
mobility about a bond, resulting in higher populations of reactive syn rotamers. 
n- ýJ, ýBr 
89 
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It is apparent that for a cyclisation to occur between two reactive centres (e. g. A and B in 
Figure 2) they must achieve a favourable proximity that also renders the required 
transition state attainable. For this to occur, rotation about the central tether bonds (two 
for the formation of a five membered ring, three for a six membered ring) from the most 
stable and, therefore, the more highly populated anti conformation to the gauche 
conformation (Figure 5), must be possible. 
(CH2)mX (CH2)m 
L 
. _-... - -1 --ý-- ýCH2)nY H, 10-ý(CH2)nY 
H 
(CH2)nY 
A Anti 
H 
(CH2)nY 
B Anti 
Figure 5 
H 
A Gauche 
(CH2)mX 
(CH2)nY 
R 
B Gauche 
H 
A Cyclic 
(CH2)m 
(CH2)nY 
H 
R 
B Cyclic 
However, if one of the tether carbons is substituted with one or two alkyl groups (as 
shown in Figure 5, series B) the conformational picture changes since the gauche form is 
now essentially equienergetic (depending on the size of the two alkyl groups R and R") 
with the anti form. This conformational effect is felt about each C-C bond, although only 
one is shown in Figure 5. 
Therefore, the reactive rotamer effect refers to the facilitation of a cyclisation due to an 
increased population of the reactive conformer (rotamer). In their paper Bruice and 
Pandit suggest that reaction rate is dependent on the concentration of the reactive 
rotamer. In short, the key effect is that alkylated substrates can more easily attain the 
required transition state for cyclisation, as compared to unsubstituted systems. 
5 
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A direct correlation between rates of reaction and conformer populations (i. e. the 
percentages of reactive conformers) is found to be not simple, in other words not direct, 
since residence time in each conformation must be taken into account. Efforts to find a 
direct comparison have failed and this has prompted a closer examination of transition 
state activation energies. From these it is apparent that conformational interactions, 
including unfavourable gauche interactions, lead to a mainly enthalpic effect. The 
ground state energy is raised, lowering the net energy barrier to be surmounted; a 
phenomenon termed the "facilitated transition state hypothesis". 8 As a further point it 
should be noted that the difference in energy (entropy of activation) varied only slightly 
between the substituted and unsubstituted systems. 
At this stage a problem arises in that certain systems, particularly those incorporating 
gem-dimethyl substitution, can be interpreted in terms of both the gem-dialkyl effect and 
the reactive rotamer effect. Jung and Gervay9 devised a system that forced the two 
effects into opposition, thus allowing a distinction to be made. Their test system is 
summarised in Figure 6. Suitable use of small rings, for example the cyclobutyl group, 
should allow the reactive rotamer effect to operate at the expense of the gem-dialkyl 
effect, since the system should show angle enlargement rather than angle compression 
(recall Figure 1). Therefore, if the reactive rotarner effect were dominant then the 
cyclobutyl system should cyclise nearly as fast as the dimethyl system. However, if 
angle compression were of greater importance then the cyclobutyl system should cyclise 
much more slowly than the dimethyl analogue and, perhaps, even slower than the dihydro 
system. 
6 
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X(H2C)m 
Figure 6 
A 
B 
X(H2C)m 
X(H2C)m 
X(H2C)m 
(CH2)nY 
a 
112.7° 
(CH2) Y 
a 
109.5° 
(CH2)nY ýT(CH2)nY 
a 
112.2° 
C 
a 
114° 
D 
Jung and Gervay studied the intramolecular cyclisation of the substituted furans (14a-f) 
to give products (15a-f) (Scheme 1). 
L 
14 
COOMe 
Scheme 1 
15 COOMe 
7 
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The relative rates of cyclisation were used to measure the effects of substitution and the 
results are listed in Table 1. The key comparisons were that the dihydro system (14a) 
cyclised most slowly and that both the cyclobutyl (14d) and cyclopropyl (14c) systems 
cyclised faster than the dihydro system, despite their having a larger dihedral angle 
(112.7° for the cyclobutyl, 114° for the cyclopropyl, against 112.2° for the dihydro). In 
addition the dimethyl system (14e) cyclised only 10 times faster than the cyclobutyl 
system, indicating a minor influence of angle strain. These results led Jung and Gervay 
to conclude that the reactive rotamer effect was more important than the gem-dialkyl 
effect, at least for the formation of five-membered rings. 
Substrate R R' kTel 
14a H H 1 
14b H Me 8.35 
14c (CH2)2 10.5 
14d (CH2)3 208 
14e Me Me 2123 
14f H t-Bu 8.32 
Table 1. Relative rates for the intramolecular cyclisation of furans 14a-f. 
1.3 Steric Buttressing 
To effect an intramolecular cyclisation the two reacting centres must first reach a mutual 
proximity, as was shown in the previous section. Therefore, if the conformational 
freedom of the two reacting centres is restricted, such that they are effectively "locked" in 
position, it then follows that there will be an increased number of favourable encounters 
(for cyclisation to occur) per unit time. By altering the entropy of a system in this 
manner, otherwise thermodynamically unfavourable reactions become possible. 
Workers in this area have primarily concentrated on the use of substitution to induce 
conformational relaxation. The strategy of restricting the available conformational space, 
by incorporation of large tether groups ("steric buttresses") and thereby holding the 
8 
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reactive centres closer together, is a more recent occurrence. However, a variety of 
cyclisations have been effected using this method. 
1.3.1 1,3-Dipolar Cycloadditions 
Sammes et al. 10a, b have studied the effects of ortho substitution on the intramolecular 
cyclisation of azides (Scheme 2). Cycloadditions of this type are often slow, requiring 
long reaction times. In addition yields can be poor, owing to competing decomposition 
of the starting azide and degradation of the products to aziridines or imines. 
R1 R1 
80°C 
benzene 
16a)R, =R2=R3=H(50%) 
b) R, = Me; R2 = R3 =H (100 %) 
c) R, = R2 = Br; R3 =H (100 %) 
d) R, = R2 = tBu; R3 =H (100 %) 
9) R, =R3=Me; R2=H(100%) 
Scheme 2 
Initially, Sammes and co-workers thought that the presence of a benzene ring alone 
would be sufficient to restrict the conformational freedom of the system. However, 
compound (16a) cyclised slowly, taking 7 days to give greater than 90 % conversion to 
(17a). Introduction of a methyl group (16b) or bromine atom (16c) ortho to the allyloxy 
group increased the rate of cycloaddition significantly, cyclisation being complete in 10 
hours. 
Modelling studies'oa, b indicated that for a tert-butyl buttress (16d) a further large rate 
increase should be observed. In practice the reaction was only marginally faster, 
9 
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cyclisation being complete in 7 hours. More detailed examination of the system showed 
an unfavourable interaction between the methylene hydrogens of the allyloxy group and 
one of the methyl groups of the buttress is present as the transition state is approached. 
This result illustrates an important point, too large a buttressing group can impede 
reaction. 
Since the azidomethyl group has fewer degrees of freedom (than the allyoxy), modelling 
studies also predicted that ortho substitution adjacent to the azidomethyl would result in 
only a small increase in the rate of cyclisation. Indeed, this was shown to be the case, the 
rate of cyclisation being only marginally improved on changing to dimethyl substitution 
(16e). The effect was compounded by the linear nature of the azidomethyl group, 
resulting in only minor interactions between it and the ortho-methyl group. 
Introduction of ortho-subsutituents has also been studied' Ob, ii in the cyclisation of 
betaines (Scheme 3). The unsubstituted derivative (18a) does not cyclise, despite 
prolonged heating (7 days at 80°C), only decomposition of the starting betaine was 
observed. Likewise, no cyclisation was observed in the case of the monomethyl 
derivative (18b), suggesting more rigorous steric buttressing was required. The di-tert- 
18a)R, =R2=R3=H(0%) 
b)R, =Me; R2=R3=H(0%) 
C)R, =R2=tBu; R3= H(15%) 
d) Ri =R3=Me; R2=H(80%) 
80°C 
benzene 
R 
19 a-d 
Scheme 3 
10 
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butyl derivative (18c) was subsequently prepared and this compound cyclised at 80°C 
over 5 days to give (19c) in modest yield (15 %). It should be noted that this reaction 
proceeds via a different transition state to the earlier azide cyclisation and, therefore, 
there is no unfavourable steric clash between the methylene and the methyl of the tert- 
butyl group. The dimethyl compound (18d) was also prepared and this cyclised in 20 
hours at 80°C in high yield (> 80 %). This result demonstrates that, for this system, di- 
ortho substitution is necessary for facile cyclisation to occur. 
Steric buttressing has also been investigated in the 1,3-dipolar cyclisation of oximes. For 
example Oppolzer and Keller12 reported the cyclisation (Scheme 4) of oxime (20a). Both 
Grigg13 and Sammes14 have attempted to repeat this cyclisation without success. 
However, Grigg and co-workers15 reported that oxime (20b), containing an ortho 
methoxy group, did undergo the required cyclisation at 140°C in 6 hours and in high 
yield (70 %). Sammes et al. 14 have also carried out this cyclisation using ortho methyl 
buttressing (20c). In this case cyclisation occurred in 48 hours at 80°C in high yield (90 
%). 
R3 
20a)RlR2=R3=H(0%) 
b) R, = H; R2 = R3 = OMe (70 %) 
c)R, =R3=Me; R2=H(90%) 
Scheme 4 
21 a-c 
A further analogue, 15 (22) (Scheme 5), containing dimethyl substitution on the allyloxy 
substituent, was also prepared in order to investigate the potential contribution of the 
Thorpe-Ingold effect. However, this compound did not undergo the desired cyclisation, 
11 
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illustrating the point that positioning of the buttress is a key factor in facilitating a 
reaction. 
80°C 
MeCN 
22 
Scheme 5 
A similar buttressing effect is also observed in naphthyl systems' 5 (Scheme 6). Thus 
cyclisation of oxime (24) proceeds at 140°C in 2.5 hours in high yield. However, 
structural isomer (26) does not undergo cyclisation under the same conditions. This 
result is thought to arise from a buttressing effect between the C(8)-H (peri-H) and the 
oxime in isomer (24) such that it assists attainment of the transition state geometry 
required for cyclisation. A similar buttressing effect is absent in oxime (26). 
12 
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24 
oýý 
26 
Scheme 6 
, OH 
o/ý 
NO 
1 
H 
140°C 
or 80°C 
Claisen 
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25 
OH 
1 
%\ 
ý 
27 ý/ 
1.3.2 Diels-Alder Reactions 
Raghunathan and co-workers16 have studied the effect of ortho substitution on the 
intramolecular Diets-Alder cyclisation of fulvenes (Scheme 7). The unsubstituted 
compound, (28a), does not cyclise, despite heating at 101 °C for 12 hours in the presence 
of a Lewis acid (lithium perchlorate). However, introduction of a substituent ortho to the 
conformationally labile O-alkenyl group, as in examples (28b-g), results in cyclisation to 
products (29b-g) over 12 hours at 101 °C in the presence of lithium perchlorate. 
13 
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LiC1O4 
O" _CO2R CH3NO2 
R2 
28 a-g 
a)R=Et; R, =R2=H(0%) 
b)R=Me; R, = H; R2=OMe(44%) 
c)R=Et; R, =H; R2=OMe(42%) 
d)R=Me; R, =R2Br(31 %) 
e)R=Et; R, =R2=Br(32%) 
0 RMe; Ri=R2=Cl(23%) 
g) R= Et; R, = R2 = Cl (20 %) 
Scheme 7 
reflux, 12 h 
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Klein has studied' 7 the intramolecular Diels-Alder reaction of the furan ring system (30) 
(Scheme 8). The unsubstituted compound (30a), in which the sulphur behaves as a 
dialkylated atom, yields 22 % of cyclised product (31 a) at equilibrium (24 hours at 
110°C). Introduction of a methyl group, as in (30b), at the C-3 position increases the 
equilibrium yield of cyclic product to 77 %. However, shifting the methyl group to the 
C-2 position, as in (30c), results in a lower yield (18 %). These results led Klein to 
conclude that an unfavourable steric clash was occurring between the C-3 methyl and the 
methylene side-chain, cyclisation thus being facilitated by a relief of steric strain. 
14 
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S 
--_j 
30 a-f 
a) R, = R2 = R3 =H (23 %) 
b) R, = R2 = H; R3 = Me (77 %) 
c) R, =Me; R2=R3=H (18%) 
d)Ri =R2=H; R3=Br(83%) 
e) R, = R2 = Me; R3 =H (60 %) 
f)RI=R2 =R3=Me(92%) 
Scheme 8 
R 
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31 a-f 
Also of note is the difference in degree of cyclisation on going from dimethyl substitution 
(30d) to trimethyl substitution (30e). The observed increase in cycloaddition on going 
from (30d) to (30e) cannot be explained solely as a result of steric buttressing. A slight 
buckling of the furan ring relieves steric crowding of the two methyl groups at C-2 and 
C-3. This raises the ground state energy of the molecule, thereby moving it closer to the 
desired transition state (for cyclisation), and hence, facilitating reaction. 
This secondary buttressing effect, promotion of cycloadditions by ring distortion, has also 
been observed in pyridones. Cycloadditions involving pyridones are rare, this particular 
heterocycle is comparatively inert (to cycloaddition) and hence only the most reactive 
dienophiles cycloadd. 18 Sammes and co-workers studied (Scheme 9) the 2-pyridone 
system (32) and its reaction with dimethyl acetylenedicarboxylate. 19 The unsubstituted 
compound, (32a), does not undergo cycloaddition, addition of the dienophile to the 
nitrogen and oxygen atoms occurring instead. Likewise, the N-methylated derivative 
(32b) also shows no preference for the desired reaction. Introduction of further methyl 
groups (32c and 32e) does lead to the desired cycloaddition occurring. The poor 
toluene 
reflux, 24 h 
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tendency of (32d) to cycloadd suggests that the steric clashing between the carbonyl and 
the methyl groups is less severe than that between two methyl groups. 
CO2Me 
R3 Ra 
I Me02C 
R2 N0 
I 
RI 
32 a-e 
CO2Me 
ý 
0 
a) Ri =R2=R3R4H(0%) 
b) R, =Me; R2=R3=R4=H(0%) 
c) R, =R2=Me; R3=R4=H(22%) 
d) Ri =R4=Me; R2=R3=H(0°1o) 
e) R, = R2 = R3 = Me; R4 = H(75 %) 
Scheme 9 
Sammes and co-workers have studied a similar furan system20 (Scheme 10) to that of 
Jung9 and Klein. 17 Their work studied the ability of various groups (steric buttresses) to 
act as space-filling substituents and promote intramolecular Diels-Alder cyclisation. 
They found that the unsubstituted compound, (34a), did not cyclise, even on prolonged 
heating. Substitution at the nitrogen site with different buttresses was found to promote 
the desired cyclisation, to varying degrees (Table 2). 
R-N/- 
34 a-g 
Scheme 10 
35 a-g 
toluene or 
xylene 
The triphenylmethyl (trityl) group (34b) was found to be the most effective of the various 
buttresses studied, an equilibrium yield of 97.5 % cyclic product being obtained. The 
trityl group also has a further advantage in that it can be selectively cleaved under mild 
conditions, affording the unsubstituted product. This confers a considerable advantage 
16 
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on this buttress, since earlier steric buttresses were difficult or impossible to remove 
following reaction, and often the unsubstituted product is desired. 
Entry Buttress (R) Cyclisation conditions Open (34): cyclic (35) 
34a H 110°C, toluene, several days 100: 0 
34b Ph3C 110°C, toluene, 40 h 2.5 : 97.5 
34c Ph2CH 135°C, x Lene, 34 h 5050 
34d PhCH2 135°C, xylene, 60 h 98 :2 
34e 2,4,6-Me3C6H2 135°C, xylene, 60 h 90: 10 
34f tosyl 110°C, toluene, 21 h 20: 80 
34g benzoyl 110°C, toluene, 21 h 20 : 80 
Table 2. Cyclisation studies on furan (34). 
McNelis and co-workers have also studied this system, 21 in their case using various 
sulphonamide buttresses (Scheme 11). They found that although there was a small 
increase in rate on changing from an alkyl to an aryl substituent, there was no significant 
change in the rate of cyclisation on changing the group R (see Table 3). 
80°C 
36 a-g 
Scheme 11 
37 a-g 
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Entry R kiei Yield 
36a Methyl 1.0 77 
36b Ethyl 1.5 78 
36c Pro 1 1.1 82 
36d Isopropyl 1.0 80 
36e Phenyl 2.4 90 
36f Mesityl 2.1 86 
36g 2,4,6-Triiso ro 1 hen l 2.9 92 
Table 3. Cyclisation studies on furan (36). 
1.3.3 Pauson-Khand Reaction 
Lovely and co-workers have studied the effects of steric buttressing in the synthesis of 
medium-sized rings22 by intramolecular Pauson-Khand reaction (Scheme 12). Thus in 
the unsubstituted compound (38a), cyclisation to (39a) proceeded in 8 hours at 0°C in 75 
% yield. By contrast the methyl (38b) and tert-butyl (38c) substituted compounds 
cyclised in 30 minutes at 0°C to give enones (39b) and (39c) in high yield (74 and 70 % 
respectively). 
1) Co2(CO)8, DCM 
bo- 
2) NMO 
38a-c 
a)R=H(75%) 
b) R= Me (70 %) 
c) R= t-Bu (74 %) 
Scheme 12 
The same workers also studied this cyclisation with longer chain O-alkylated terminal 
olefins (Scheme 13). In the unsubstituted form the butenyl (40) and pentenyl (41) 
compounds did not react. However, on incorporation of the buttressing elements (40) 
18 
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and (41) did react; albeit not to form the expected enones (42) and (43). Instead, in the 
butenyl system, the cyclisation promoted by the tert-butyl buttressing gave a mixture of 
the epoxy-ketone (44b) and the bridged enone (45b); whereas use of methyl buttressing 
gave only the epoxy ketone product (44a). In the pentenyl system only the bridged 
enones (46a) and (46b) were isolated from the reaction. The observed results for the two 
longer chain analogues were rationalised on the basis of the altered orientation of the 
alkene during the insertion step. 
oý n 
R n=1,40a, b 
n=2,41a, b 
.............................................................................................. 
a) 42% 
45a, b 
8)0% 
b)36% 1 0' b)18% 
a) R= Me 
b)R=t-Bu 
a) 20 % 
R 
46a, b 
b)30% 
Scheme 13 
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1.3.4 Radical Cyclisations 
Introduction 
Besev and Engman have observed a buttressing effect in the radical cyclisation of 
phenylselenides to give disubstituted pyrrolidines23 (Scheme 14). Table 4 details these 
results. 
47 
Scheme 14 
( 
n-Bu3SnH 
N A1BN, A (80°C 
R or hv (15°C) 
The unsubstituted form (R = H) gives a mixture of isomers in which the trans form 
predominates. However, incorporation of a buttressing element alters the selectivity and 
the cis isomer predominates. Best results were obtained in the radical induced cyclisation 
of the N-diphenylphosphinoyl protected analogue. 
R Cis/trans ratio 
80°C 
Yield (80°C) 
% 
Cis/trans ratio 
15°C 
Yield (15°C) 
H 1/2.6 60 1/3.8 92 
EtC =0 - 2.2/1 88 2.7/1 82 
i-PrC =0 - 2.6/1 83 3.2/1 80 
t-BuC =0 - 2.0/1 93 2.0/1 87 
PhC =0 - 4.4/1 72 7.1/1 89 
4-MeC6H4SO2 3.0/1 77 4.0/1 78 
Ph2P =0 - 10/1 79 24/1 81 
Table 4. Selectivity in the radical cyclisation of (47). 
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1.4 Summary 
The investigation of steric effects in organic chemistry has received considerable 
attention in recent years. These steric effects have been encountered in many different 
forms and a wide variety of designed transformations have been carried out. The work of 
Jung and Gervay, 9 in particular, has demonstrated that the reactive rotamer effect is the 
most robust explanation for these observed effects. 
Steric buttressing is an extension of these observations. The technique functions by a 
combination of enthalpic and entropic effects. The enthalpic effect arises from a 
lowering of the activation energy for a process, as observed by Jung and others. This 
effect in turn arises as a result of substitution increasing the ground state energy 
associated with a molecule. The entropic effect is more difficult to quantify. However, it 
has been demonstrated that restriction of conformational freedom can have a significant 
effect on the rate of cyclisation. 
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Ene Reaction and Kainic Acid 
Ene Reaction and Kainic Acid Chapter 2 
2.1 Introduction 
In the previous chapter the use of steric effects to accelerate intramolecular cyclisations 
was shown to be a viable and widely applicable technique. The extension of this 
approach to the promotion of other intramolecular cyclisations is therefore of great 
interest. With this in mind the major part of this thesis is concerned with the extension of 
this methodology to the ene reaction (Scheme 15). Owing to its well-documented high 
regio- and stereoselectivity (see later) the ene reaction is a synthetically useful process. 
2.2 Mechanism of the Ene Reaction 
The ene reaction" usually involves the addition of an olefin containing an allylic 
hydrogen (50) ("the ene") to a multiple bond (51) ("the enophile") to give an adduct (52). 
Experimental evidence25a, b and orbital considerations 26 are consistent with a concerted 6 
electron pathway involving a suprafacial orbital interaction between the HOMO of the 
ene and the LUMO of the enophile; the substituents on the enophile thus being orientated 
exo or endo with respect to the ene component. 
/ 
ZýH 
X 
+ 
Y 
exo 
X 
IZI 
H IY 
ene 50 enophile 51 
ene = alkene, alkyne, allene, arene, carbon-heteroatom bond 
X=Y = C=C, C=O, C=N, C=S, 0=0, N=N, -N=O, C=C 
Scheme 15 
52 
The ene reaction is therefore closely related to the Diels-Alder reaction and [1,5]- 
sigmatropic shifts which also proceed via a pericyclic 6 electron pathway. The 
comparison with the Diels-Alder reaction is more obvious, the primary difference 
between the two reactions being the substitution of a double bond in the diene (Diels- 
Alder) for a C-H bond in the ene reaction. The implication of this is telling, the extra 
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energy input required for cleavage of this C-H bond is significant and, as a result, the ene 
reaction usually requires high temperatures (> 200°C) and/or high pressures in order to 
proceed. Alternatively, Lewis acid catalysis can be used for systems in which the 
enophile is electron deficient, resulting in considerably milder reaction conditions. 
2.3 Structural Considerations 
For the purposes of this study we are interested in intramolecular ene reactions, which are 
favoured over their intermolecular counterparts on entropic grounds. Oppolzer25b and 
Snider25c have classified intramolecular ene cyclisations into four categories (Figure 7), 
based on the position of attachment of the tether linking the ene and enophile 
components; Type I ene reactions being the most common 
Type I Type II Type III 
1ý 
--_ x zHH 
1-Y 
Figure 7 
<'ý' .. "I Z-H 
u 
variant. 
Type IV 
R2 
IY 
Z-H 
2n 
H 
Huntsman and co-workers 27a, b have shown that the ene reaction exhibits a high degree of 
regioselectivity (Scheme 16). In the thermolysis of the 1,6-dienes (53a) and (53b) the 
new carbon-carbon bond is formed between the two closest olefinic termini. 
Stereoselectivity is also observed in that thermolysis of (53a) gave a ca. 4: 1 mixture of 
C(3)-epimers (54) and cyclisation of (53b) yielded (55) and (56) in a ca. 14.1 ratio. 
(Z H 
ýýiY 
4 
23 
Ene Reaction and Kainic Acid 
r--\ 
RR 
53a, b 
53b R=H 
H, 
422°C 
+ 
Scheme 16 
53a (R = Me) 
500°C 
55 
54 
56 
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2.4 Kainic acid 
As a result of the high regio- and stereoselectivity inherent in the intramolecular ene 
reaction, it has become a useful tool in the synthetic chemists' inventory. This is best 
illustrated by the widespread use of this reaction in the synthesis of diverse natural 
products. 28 In particular the ene reaction has found continued interest as a key step in the 
synthesis of kainic acid (57). 
Kainic acid is a naturally occurring pyrrolidine dicarboxylic acid first isolated from the 
Japanese seaweed Digena simplex29 and the parent member of the kainoid family of 
amino acids (Figure 8), which also includes the domoic acids and the acromelic acids. 
Common to all these acids is the S absolute stereochemistry at C-2 and the trans- 
stereochemical relationship with the C-3 substituent. The cis configuration of the C-3 
and C-4 substituents including some form of n-unsaturation on the C-4 moiety is also 
common to all the kanoids, with the exception of allokainic acid (58). 
500°C 
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HO2C Fi H02C H 
57 (-)-a-KAINIC ACID 58 (+)-a-ALLOKAINIC ACID 
Z 
HO2C 
51 
H02 'CO2H CNý E 
,, 
1 
59 (-)-DOMOIC ACID 
HO2C 
rn_u 
. ... H"\- -1-1 
vvzi i 
Fi V 2(.: '. 
H 
62 ISODOMOIC ACID C 
0 
66 DOMOILACTONE A 
H 
/\C02H 
60 ISODOMOIC ACID A (Z, E) 
61 ISODOMOIC ACID B (E, E) 
, CO2H 
H 
63 ISODOMOIC ACID D (Z, Z) 
64 ISODOMOIC ACID E (E, E) 
65 ISODOMOIC ACID F (E, Z) 
ý u .. iýv ýý ML) 
67 DOMOILACTONE B 
H 
68 ACROMELIC ACID A 69 ACROMELIC ACID B 
Figure 8. Naturally occurring kanoids 
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CO2H 
H 
71 ACROMELIC ACID D 
flN 
HO2C CO2H 
H02e 
H 
72 ACROMELIC 
ACID E 
Figure 8 continued 
The kanoids have attracted considerable interest as a result of their diverse biological 
properties. A red algae extract, subsequently shown to contain kainic acid (57) and 
domoic acid (59), has long been used by the inhabitants of Yakushima Island, Japan, for 
its fly-killing properties. 30 The domoic acids (59) to (65) have since been found to be 
potent insecticides against the American cockroach (Periplaneta americana), domoic 
acid (59) being considerably more active than isodomoic acid C (62). 31 Furthermore, 
subsequent tests showed that domoic acid (59) was 14 times more active than DDT 
against this cockroach. 
The anthelmintic properties of the kanoids are well documented, 32 indeed the algae from 
which kainic acid was first isolated (see above) has long been used for this function in 
Japan. The active component, kainic acid, has been shown to have an intense 
anthelmintic effect, without disadvantageous side effects. However, allokainic acid, the 
C4 epimer, has little or no anthelmintic activity, thus demonstrating importance of the 
configuration of the ring substituents. Domoic acid has also been shown to be an 
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effective anthelmintic in humans. Oral administration of domoic acid was found33 to be 
extremely effective in expelling ascaris and pinworm, with no observable side-effects. 
Domoic acid has been identified as the toxin responsible for an outbreak of food 
poisoning in Canada in 1987, originating in blue mussels. 
34 The poisoning led to 3 
deaths and 153 others becoming ill, most suffering neurological problems. At this stage 
matters should be clarified by observing that in the case of the Canadian outbreak the 
concentration of domoic acid present was much greater than in the Japanese anthelmintic 
study (see above). This type of poisoning has since been classified as Amnesic Shellfish 
Poisoning (ASP) and domoic acid has also led to mortality amongst higher predators such 
as sea birds and sea lions in the coastal waters of California. 35 In addition, careful 
monitoring of the levels of domoic acid found in shellfish from the coastal waters of 
Portugal has become necessary. 36 
The kanoids have attracted considerable interest because of their neuro-excitatory 
properties. 37a, b These properties are derived from the ability of the kanoids to function as 
conformationally restricted analogues of L-glutamic acid, the major excitatory 
neurotransmitter in the mammalian CNS. The kanoids show high affinity for a specific 
subset of ionotropic glutamate receptor, the kainate receptors (and to a lesser extent 
affinity for a second subset, AMPA receptors), and it is for this reason that kainic acid 
and domoic acid have become important tools in neuroscience. The neuroexcitotoxicity 
of kainic acid towards neuronal tissue causes lesions at specific sites within the CNS. 
These lesions can be used to mimic the effects of neurodegenerative disorders such as 
Huntingdon's chorea. 38 The potency of kainic acid is associated with stimulation of non- 
NMDA glutamate receptors, leading to cell death primarily by apoptosis, 39a, b caused 
presumably by increased Ca2+ uptake, which in turn leads to activation of calcium 
dependent enzymes. 
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2.5 Synthesis of Kainic Acid via Intramolecular Ene Reaction 
The selectivity described in the preceding sections for the ene reaction make it an obvious 
choice as an integral step to the synthesis of kainic acid (57). The attractiveness of the 
ene route in this synthesis rests on two main points. Firstly, the presence of an ene-type 
group (the isopropylidene) at the C-4 position. Secondly, the desire for cis arrangement 
of the C-3 and C-4 substituents, which is favoured in ene reactions in which the product 
is a five-membered ring. 
Oppolzer and co-workers40 were the first to investigate the use of the ene reaction in the 
synthesis of kainic acid (57). They initially obtained kainic acid by the route outlined in 
Scheme 17. The key step in this synthesis involved ene reaction of (75), initially formed 
by oxidative removal of the thioether. However, (75) isomerised to the 1,5 diene (76) 
during desulphenylation. The researchers correctly postulated that at high temperatures 
this isomerisation was reversible and proceeded to carry out the desired cyclisation at 
180°C in toluene to give the desired, albeit racemic, product after deprotection and 
subsequent recrystallisation in good yield (ca. 40 % overall yield from (73)). 
NCOCF3 
ýCO2Me 
73 
CO2Me Ný000F3 <SMe 
eF 
--aº 
ýC02Me 
i 
MeO2C-, -, SMe 74 
II 
III 
V, vi 
N' `CO2Me 
COCF3 
77 
, COCF3 
iv (-N 
C02Me 
Me02C 
2 75: 02,2,3 
76: e3,3,4 
Reagents and conditions: i) LICA, AcOH, THF, -78°C, 0.5 h; ii) MCPBA, DCM, 
-78°C, 0.5 h; iii) 130°C; iv) toluene, 180°C, 36 h; v) 2N NaOH; vi) McOH/H20 
(1: 1), reflux, 4 h. 
Scheme 17 
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Oppolzer and co-workers also studied41 the structurally similar ene precursor (79) 
(Scheme 18). In this series the presence of the malonic ester moiety reversed the 
previously observed selectivity for the cis isomer; thermolysis of (79a) giving a 3: 1 
trans/cis ratio in the cyclic product. The isomer of (79a), the corresponding trans 
enophile (79b), gave the two isomeric products (80) and (81) as a 1: 1 mixture on 
thermolysis under the same conditions. 
CO Et CO2Et 2 
CO2Et 
 _CO2Et N CO2Et rv CO2Et 
COCF3 COCF3 
80 
CO, Et 
180°C /5 min 
or 70°C / 80 h 
CIS 81 
trans 
25 75 
100 
79a - 
(Z)-enophile 
NýCOCF3 
C02Et 
t 
C02Et 
EtO2C 
79b 
AIEt2CI I -78°C 0 IN 
180°C / 15 min 
or 70°C / 48 h 
low 
AIEt2CI / -35°C 
50 50 
11 89 
(E)-enophile 
Scheme 18 
Oppolzer and co-workers28 rationalised these results on the basis of steric clashing in the 
chair-like transition state(s) proposed for this reaction (Figure 9). 
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F2i 
t-ene ---> 81 (trans) 
A: (Z)-Enophile (Rl = COOEt) 
B: (E)-Enophiie (R2 = COOEt) 
Et 
I 
0 
N-+' HH 
COCF3 
c-ene. ----o- 80 (cis) 
F: (E)-Enophile 
Figure 9 
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F3COC, -. 
R2 
t-ene "---- 80 (cis) 
C: (Z)-Enophile (R' = COOEt) 
D: (E)-Enophile (R2 = COOEt) 
strong repulsion 
HH 
c-ene----- º 80 (cis) 
E: (Z)-Enophile 
moderate repulsion 
It is worth noting that using diethylaluminium chloride, a mild Lewis acid, did improve 
selectivity for the trans isomer, making this a viable route to allokainic acid (58). 
Enantioselectivity was also improved in the presence of dimethylaluminium chloride and 
variations in the ester group on the C-3 acid position42 (Scheme 19). 
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Scheme 19 
Kennewell and co-workers have also attempted the synthesis of kainic acid from a 
malonic ester derivative. 43 These workers also synthesised and separated the ene 
precursors (79a) and (79b) from a similar route. They then studied the thermally induced 
ene cyclisation of (79a) and (79b) to give pyrrolidines (80) and (81). The results 
obtained (see Table 5) are in agreement with those of Oppolzer and co-workers (see 
above). Furthermore, Kennewell and co-workers found that the proportion of cis 
pyrrolidine (80) was largely independent of reaction temperature and time. In addition 
these workers found no evidence for interconversion of the starting diene (e. g. (79a) to 
(79b)) and no interconversion between the cyclic products. These observations, 
combined with the lack of preference for the lower energy trans isomer (81), led to the 
conclusion that the ene cyclisation proceeded under kinetic rather than thermodynamic 
control. 
Temperature (°C) Solvent Time (h) % Cis from 
79a 
% Cis from 
79b 
80°C Toluene 18 25 53 
80°C d8-Toluene 24 27 50 
170°C No solvent (neat) 0.5 32 52 
Table 5. Influence of temperature and time on the selectivity for the cis compound (80) 
during the intramolecular ene reaction of (79a) and (79b). 
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Oppolzer and Thirring have also carried out the synthesis of kainic acid in 
enantioselective fashion starting from (S)-glutamic acid44 (Scheme 20). In the key step, 
the intramolecular ene cyclisation of (88) to (89), the pre-existing chiral center at C-2 
influenced the stereochemistry of the emerging stereocenters. In this case absolute 
stereocontrol was exhibited to give pyrrolidine (89) as a single stereoisomer. This was 
proven by subsequent conversion of (89) to (-)-a-kainic acid (57). 
HN , 
CO2tBu 
HN-CO2tBu 
HH 
S *CO2H 1'11 '*". --OTBDMS 
EtO2Cý 85 EtO2CJ 86 
iii 
N , ICO2tBu N ICO2tBu 
HH 
1'%OTBDMS______ 
iv 
EO2C 88 EtO2C 87 
V 
SS 
CO2Et CO2Et 
vi SSS vii 
..,, , 
OTBDMS ON- -bo- (+l-n-KAINI[: A(: In N- -N "LO2H I....... _ 
CO2tBu 
II 
tBu (5 % overall yield) 
2 
89 90 
Reagents and conditions: i) BH3, THF, -15°C, 13 h; ii) TBDMSCI, TEA, DMAP, DCM, rt, 3 days; iii) 
NaH, prenyl bromide, HMPA, 0°C to rt, 16 h; iv) (a) lithium 2,2,6,6-tetramethylpiperide, THF, -78°C, 
45 min, (b) C6H5SeCI, -78°C to rt, (c)30 % aq. H202, Py., DCM, rt, 15 min; v) 5% solution in 
toluene, 130°C, 40 h; vi) (a) TBAF, THF, rt, 1 h, (b) Jones reagent, acetone, 0°C, 20 min; vii) (a) 
LiOH, 3: 1 MeOH/H20, rt, 40 h, (b) pH 2, evaporation, (c) 1: 1 TFA/DCM, 0°C, 1 h, (d) treatment 
with ion-exchange resin 
Scheme 20 
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Kirihata and co-workers45 have also synthesised kainic acid from an amino-acid derived 
starting material (91) (Scheme 21). The thermally induced ene reaction of the final 
acyclic precursor (92) was carried out in a sealed tube in toluene (140-150°C, 40 hours) 
to give racemic pyrrolidine (93). This was subsequently transformed into the free 
amine/diacid and racemic (±)-a-kainic acid isolated by recrystallisation from 
water/ethanol in 5.3 % overall yield. 
NHBoc 
CO2Et 
OAc 
91 
--All. _ ii ý 
CO2Me 
10 steps 1 
(t)-a-KAINIC ACID 
Scheme 21 
4 steps 
. 199 
AI 
OMOM 
IIm 92 
The asymmetric synthesis of (-)-a-kainic acid by metal promoted intramolecular 
cyclisation of an amide (Scheme 22) has been studied by Xia and Ganem. 46 These 
workers found that the thermally induced ene cyclisation occurred with poor cis/trans 
selectivity in the cis acyclic precursor (95) (2: 1 cis/trans ratio) but with higher selectivity 
(ca. 10: 1 in favour of the cis) in the case of the trans acyclic precursor (94) (see Table 6). 
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CO2Et 
ýý L, 
(/ 
96 
For cyclisation conditions see Table 6. 
Scheme 22a 
R 95 
R 
97 
a)R=H 
b) R= COPh 
c=d _ (-)-a-kainic acid (20 % overall yield) 
98 
Reagents and conditions: a) Cp2ZrHCl, THF, -30 to 
15°C, 4 h; b) TMSCN, DCM, 1 h; c) 4N HCI, MeOH, rt, 
24 h; d)1 N KOH, rt, 20 h 
Scheme 22b 
Lewis acid catalysis of this cyclisation using magnesium perchlorate in the presence of 
bis-oxazoline ligands effected the desired cyclisation with high selectivity for the cis 
product. This allowed (96a) to be converted into (-)-a-kainic acid via a zirconium 
mediated Strecker reaction and subsequent deprotection route (Scheme 22b). 
EtO, C I }, 
- OýNý 
rj 
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Entry Substrate Catalyst Conditions Product ratio 
cis/trans (% 
yield) 
I 95a 190°C, tol., 4d 3.3: 1 (84) 
2 94a 190°C, tol., 4d no rxn. 
3 94a 200-10°C, tol., 4d 1: 5 (78) 
4 94a ZnC12 110°C, 1d 5: 1 (60) 
5 94a Mg(C10a)2 110°C, tol., 42 h 10: 1 (50) 
6 95b 110°C, tol., 5h 2: 1 (99) 
7 94b 110°C, tol., 22 h 10: 1 (98) 
8 95b Mg(C104)2 rt, DCM, 2d 1: 2 (94) 
9 94b Mg(C104)2 rt, DCM, 2d 2.2: 1 (81 
10 94b Mg(C104)2 rt, DCM, 18 h 20: 1 (66) 
11 94b Mg(C104)2 rt, DCM, 12 h 20: 1 (64) 
12 94b Mg(C104)2 rt, DCM, 3h >20: 1 (72) 
Table 6. Uncatalysed and catalysed ene cyclisations of dienes (94) and (95). 
Ogasawara and co-workers have synthesised pure (-)-a-kainic acid via intramolecular 
ene reaction, 47 starting from aminocyclopentene derivatives (Scheme 23). Thus 
aminocylopentenol (99) was converted into (-)-a-kainic acid in 13 steps and 13 % overall 
yield. The key step involved concomitant Chugaev syn-elimination followed by 
intramolecular ene cyclisation on precursor (100) to give the cis (at C3-C4) pyrrolidine 
(101). 
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NaHCO3 `rýefluxn4l5 m nether 
(-)-a-kainic acid 
(13 % overall yield) 
Scheme 23 
101 
The selectivity observed in this reaction can be explained by examination of the transition 
states leading to the cis and trans epimers. From Figure 10 it can be seen that the exo 
transition state, leading to the cis isomer (101), is less highly strained than the endo 
transition state that would form the trans isomer (102). 
N -p- \ `% N7 "%0 
Cbz 101 Cbz 102 
Figure 10 
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Ogasawara and co-workers have also employed a stereoselective intramolecular ene 
cyclisation, starting from furfural (103), to synthesise (-)-a-kainic acid. 48 In this 
transformation (Scheme 24) the intramolecular ene reaction, thermally induced by 
refluxing in diphenyl ether, again proceeds via the less strained transition state (106) 
leading to the tricyclic product (105). Ene product (105) was subsequently transformed 
into (-)-a-kainic acid in a further 9 steps and 13.4 % overall yield. 
0 
103 
8 steps N-Cbz 280°C H, ýN-Cbz 
Do 
CHO )No 
104 
Scheme 24 
OTBS 
l 
diphenyl ether 
30 min 
OTBS 
Ogasawara and co-workers49 have also employed a retro-Diels-Alder/intramolecular ene 
procedure in the synthesis of (115) (Scheme 25), a novel compound of considerable 
interest because it can be easily derivatised into synthetic kanoids. Starting from 
optically pure ketodicyclopentadiene (108) or (109) the key precursor was synthesised in 
5 steps. Thermolysis in refluxing diphenyl ether then facilitated a retro-Diels-Alder 
reaction to give intermediate (112) or (113), which cyclised via an ene reaction to give 
the bicyclic structure (114) in optically pure form. This was then transformed into 
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15 
steps 
Cbz-N-/"\", CO2Me 
112 
109 
O (-)-KDP 
5 steps 
111 
plr 
Cbz-N-,, //\\\, CO2Me 
113 
/ 
HO"'ý`"' ý °ý'ý'CO2Me 
-a" 
ý ,... "'CO2Me 
Scheme 25 
114 
Cbz Cbz 
115 
3.4 % overall yield 
pyrrolidine (115) containing the core functionality of the kanoid series, the amino-diacid 
grouping at the 1,2,3 positions and an alkyl alcohol at the C-4 position. This pathway 
therefore offers a convenient route to synthetic kanoids either through alcohol (115) or by 
alternative functionalisation at an earlier, intermediary, step. 
In summary the ene reaction is a six electron pericyclic reaction comparable to both the 
Diels-Alder reaction and [1,5]-sigmatropic rearrangements. The intramolecular version 
of this reaction proceeds with high regio- and stereoselectivity, making it an important 
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tool in organic synthesis. This has been aptly demonstrated by application of the ene 
cyclisation to the synthesis of kainic acid, a naturally occurring excitatory amino acid of 
considerable biological importance. 
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Overview 
The primary aim of this investigation has been the further elucidation of the role of steric 
buttressing in promoting cyclisation. Of additional (and no lesser) interest has been the 
potential for controlling stereo selectivity and chiral selectivity using steric buttressing. 
The extension of the steric buttressing technique to incorporate intramolecular ene 
cyclisations has been central to our study of the above parameters. In addition, further 
investigation of steric buttressing in the Diels-Alder reaction has been undertaken. 
Critical to this study has been the comparison between the buttressing ability of the trityl 
group and other buttresses. An earlier study from our group20 (see page 17) indicated that 
the trityl group was the most effective in a series of buttresses at promoting an 
intramolecular Diels-Alder cyclisation (Scheme 26). This work established the trityl 
group as our buttress of choice for studying intramolecular ene reactions. 
Tr-N ý_ ý 
ý= Tr-Nw 
11 toluene ýýý 
J- -- - 
34b 35b 
Scheme 26 
In order to quantify the effectiveness of the trityl group as a steric buttress a number of 
cyclisations were carried out. The factors of interest in these cyclisations were the 
temperature and duration required for the cyclisation to reach completion. This would 
allow the trend in effectiveness of the various buttresses to be gauged. Completed 
cyclisation should, at this stage, be defined for the remainder of this thesis, as a 
cyclisation which has proceeded to greater than 95 % conversion to the cyclic form. 
Buttressing ability was also measured in terms of the effectiveness of the buttress at 
controlling stereo- and regioselectivity during cyclisation. Given the reversible nature of 
the processes under scrutiny, a further factor of interest was the ability of the buttress in 
question to stabilise the resulting product such that further, in particular retro, reactions 
did not take place. 
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3.1 Introduction 
The application of steric buttressing to the acceleration of a variety of intramolecular 
cyclisations was demonstrated in section 1.3. This wide applicability prompted us to 
investigate the feasibility of promoting intramolecular ene reactions using this technique. 
The ene reaction, as discussed in the previous chapter (Chapter 2), is a pericyclic 6e 
process involving a [1,5]-sigmatropic rearrangement. 
One example of steric buttressing in the ene reaction has already been discussed in 
Chapter 2, namely the synthesis of the lactams (94) and (95) by Ganem and Xia. 46 From 
Table 6 (page 35) it is apparent that the unsubstituted cis (95a) or trans (94a) amides do 
not cyclise as quickly as their benzoylated analogues ((94b) and (95b)), demonstrating 
the importance of substitution on the rate of reaction. In addition, the steric effect of a 
carbomethoxy substituent on the hetero-ene reaction of (116) to give azepine (117) has 
been reported by Noguchi and co-workers50 (Scheme 27). 
MeO2Cý , CHO 
N CO2Et 72 % 
Bn 
116 
Bn = benzyl 
Reagents and Conditions: 1) toluene, reflux, 2 h. 
Scheme 27 
McO, C 
OH 
Our own system to investigate steric buttressing in the ene reaction is outlined in Scheme 
28. We envisaged an intermolecular Diels-Alder reaction between furan (118) and 
dimethyl acetylenedicarboxylate (DMAD) to give cycloadduct (119), which could then 
undergo intramolecular ene reaction, to give (120). The initial furan starting material 
(118) is structurally similar to furan system (34), used by both Sammes and McNelis to 
study steric buttressing in Diels-Alder reactions (section 1.3). However, the 
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intramolecular Diels-Alder reaction is disfavoured in (118), as a result of the dimethyl 
substitution on the prenyl side-chain. Formation of the tricyclic product (121) is 
disfavoured due to steric clashing between the bridging ether oxygen and one of the two 
methyl groups; thereby facilitating an equilibrium that heavily favours the acyclic 
compound (118). 
/ 
P-Ný 
121 
R 
ý 
Scheme 28 
120 
3.2 Trityl Buttressed Ene Reaction 
The trityl group was shown in Chapter 1 to be an effective steric buttress in Diels-Alder 
reactions (see Table 2, page 17). Given the similarities between the Diels-Alder and ene 
reactions, it was felt that the trityl group would also be an effective buttress in the 
promotion of ene reactions and, on this basis, was chosen for the study in hand. Trityl 
amine (126) was therefore synthesised as described in Scheme 29, starting from 
furfurylamine (122). Protection of furfurylamine as trifluoroacetamide51 (123) followed 
by alkylation conferred the advantage that unnecessary wastage of prenyl bromide by 
over-alkylation was avoided. This procedure also avoided the need for extensive 
chromatography to separate the mono- and di-alkylated material. Trifluoroacetamide 
(124) was then deprotected using potassium carbonate in methanol, a procedure found 52 
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to give optimum yields at a concentration of ca. 1.6 M. Amine (125) was then tritylated 
using trityl chloride in DCM to give (126), which crystallised from hot methanol as a 
white solid. 
122 
NH2 i 
97 % 
123 
1/ ºýý 1 NH 93 % 
125 124 125 
126 
iv 53% i"--ý 
N -Tr 
I 
Tr = Trityl = 
0 
N-CCF3 
ý 
Reagents and conditions: i) TFAA, Hunigs, Et20,0°C to rt, 2 h; 
ii) prenyl bromide, NaH, DMF, rt, 18 h; iii) K2CO3, MeOH, rt, 16 h; 
iv) Ph3CCI, TEA, DCM, reflux, 72 h. 
Scheme 29 
Trityl amine (126) was then dissolved in the minimum quantity of dry DCM required for 
homogeneity and DMAD added (Scheme 30). This solution was then stirred at room 
temperature for 5 days, after which time TLC monitoring indicated that reaction was 
complete. 'H NMR Analysis of the product mixture indicated that a new product was 
present as the major fraction. However, the product was isolated by column 
chromatography (neutral silica/DCM) and recrystallisation from methanol in low yield 
(12 %). This is presumably a result of the instability of the acid sensitive 
ii 94 % 
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trityl group in the presence of silica, a phenomenon that has been quantitatively 
investigated by Lehrfeld. 53 Of note was the observation that the isolated product was 
shown to be thermally stable, since heating at 100°C for 12 hours induced no further 
X- 
Y, 
Tr - 
126 
i 
127 
R= CO2Me 
Reagents and conditions: i) DMAD, DCM, R, 5 days. 
Scheme 30 
128 
change in the 'H NMR spectrum. Analysis of the product by NMR showed that it was 
not the initial Diels-Alder adduct but that ene reaction had occurred selectively on the 
least hindered face of bicyclic intermediate (127), as shown in Figure 11 (the trityl group 
has been removed for clarity). The product was thus the ene product (128). 
Figure 11. Representation of the transition state leading to ene product (128). 
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3.3 Tosyl Buttressed Ene Reaction 
Having obtained the desired product in the trityl system it was of interest to investigate 
this reaction further, in order to gain greater insight into the steric buttressing 
requirements of this system. To this end the p-toluenesulphonyl ("tosyl") group was 
chosen, since, as summarised in Table 2 (page 17), this group has also been shown to be 
an effective buttress in Diels-Alder cyclisations. This would then allow a comparison 
with the trityl group to be made, such that the relative buttressing ability of the two 
groups could be assessed. 
C) 
\0 
122 
NH2 -10. 
88% 
O 
u 
Tos = kS 
R= CO2Me 
Tos -- 
129 
132 
ii 
NH Tos Ill. \\ // N Tos 
50 % 130 
i 
iii 63 % 
Tos - 
131 
Reagents and conditions: i) p-toluenesulphonyl chloride, pyridine, 0°C to rt, 4 h; ii) prenyl bromide, NaH, DMF, rt, 
16 h; iii) DMAD, DCM, rt, 22 days. 
Scheme 31 
Tosylation of furfurylamine (118) under standard conditions (Scheme 31), followed by 
alkylation using sodium hydride in DMF gave sulphonamide (130). Using the same 
conditions as before (room temperature, minimum quantity of DCM necessary for 
homogeneity), the sulphonamide (130) was allowed to react with DMAD. However, 
unlike the trityl system, and despite prolonged reaction times (ca. 30 days), only the 
initial Diels-Alder adduct (131) was isolated from the reaction mixture. 
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Heating adduct (131) at 60°C for a matter of hours did induce reaction (Scheme 32). 
Monitoring of this reaction by 'H NMR showed that an initial product was formed, which 
had a'H NMR spectrum consistent with being (132), and that (132) underwent further 
reaction. The final product in this process was isolated and characterised as furan (133), 
the product of an ene reaction followed by a retro-Diels-Alder reaction as shown in 
Scheme 32. Furan (133) was assigned the cis structure on the basis of the 'H NMR 
spectrum. This showed the peak for the olefinic proton at ca. 6 ppm, consistent with a cis 
configuration. 54 
Tos-N 
131 
i 
R= CO2Me 
Reagents and Conditions: i) CHCI3,40 h 
Scheme 32 
132 
82 % 
Tos - 
ý\O-) 
133 
An alternative mechanism to account for the isolation of furan (133) exists. The 
alternative sequence of retro-Diels-Alder reaction followed by intermolecular ene 
reaction (Scheme 33) is also possible, although somewhat disfavoured over the 
intramolecular route on entropic grounds. 
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Tos -N 
0 
ýý 
133 
R: '- CO2Me 
Scheme 33 
That furan (133) is the product of the intramolecular route and not the intermolecular 
route was proven as follows (see Scheme 34). Deprotection of trityl ene product (128), 
using ethanolic HCI, gave amine (134), which was tosylated without extensive 
purification to give sulphonamide (132). This gave an authentic sample of the ene adduct 
(132), which was consistent with the transient species from (131) observed by 'H NMR. 
Further proof for the intramolecular pathway was obtained by heating sulphonamide 
(132) at 60°C to give furan (133), this transition being monitored by 'H NMR (Figure 
12). 
R= CO2Me 
Reagents and conditions: i) 3M HCI, EtOH, rt, 0.5 h; ii) Tos-Cl, pyridine, 0°C to rt, 4 h. 
Scheme 34 
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(a) starting material (132) 
I 
I/ 
r-1-- ý 
I I 
(b) after 6 hours 
F 
(c) after 13 hours 
Figure 12. 'H NMR Spectra of the thermolysis of compound (132) 
(d) after 28 hours 
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3.4 Summary 
The ability of steric buttressing to assist in the formation of a tricylic ring system 
involving the formation of three new carbon-carbon bonds via tandem Diels-Alder 
reaction/ene reaction has been demonstrated. Furthermore, steric buttressing has allowed 
this reaction to be carried out under relatively mild conditions, without the need for 
Lewis acid catalysis. Effecting reaction under mild conditions has, in turn, conferred the 
advantage that the reaction proceeds with a high degree of stereocontrol. 
The difference in buttressing ability between the trityl and tosyl groups has been 
demonstrated. In the trityl series ene reaction occurs at room temperature to give (128) as 
the thermally stable product. By contrast, in the tosyl series ene reaction does not take 
place at room temperature. Instead, gentle heating of Diels-Alder adduct (131) (it should 
at this stage be noted that heating of the initial reaction mixture, i. e. in the presence of 
excess DMAD is not possible, since DMAD undergoes potentially explosive 
polymerisation on heating at over 40°C) gives the ene adduct (132) as a thermally 
unstable intermediate, that subsequently undergoes a retro-Diels-Alder reaction to give 
furan (133) as the isolated product. 
The explanation for the observed difference in reactivity between the two series appears 
to be a result of the size difference between the two steric groups (Figure 13). The result 
of this size difference is that the spatially more demanding trityl group forces the two 
reacting centres into greater proximity, resulting in more encounters per unit time. In 
turn, the huge trityl group "locks" the highly strained tricylic ring structure in place, 
ensuring no further rearrangements occur. The tosyl group on the other hand is less 
sterically demanding and, therefore, less effective at holding the tricyclic ene adduct in 
place. Our simple modelling study (Figure 13) would appear to suggest that steric effects 
alone are the dominant factor in this ene reaction and that electronic effects have little 
influence on reaction course, especially given the strong spa-like character of the 
ss sulphonamide nitrogen. 
49 
Ene Reaction of a 1,7-diene 
(a) (b) 
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Figure 13. Energy minimised representations of the trityl (a) and tosyl (b) groups, 
depicted as the primary amine and sulphonamide (CHEM 3D). 
The dominance of steric factors is also shown by the fact that the system in question is a 
1,7-diene. This type of system possesses a relatively high degree of conformational 
mobility, at least in comparison with a 1,6-diene system, which is more common in ene 
reactions. This greater conformational freedom confers a substantial entropic cost on the 
reaction and therefore a buttress with the potential to restrict conformational freedom 
could be presumed to exert a significant effect on reaction course. Comparison can be 
made with the system studied by Mauer and Grimme. 56 These workers also studied a 
system which involved an intermolecular Diels-Alder reaction followed by subsequent 
intramolecular ene reaction (Scheme 35). Starting from triene (135) and using maleic 
anhydride these workers made ene product (137) via the Diels-Alder intermediate (136). 
The conditions used for this reaction illustrate the effect of steric buttressing. In this 
system, in which no steric buttress is present, a temperature of 180°C for 30 hours is 
required for reaction. 
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Scheme 35 
0 
oýo 
180°C, 30 h 
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137 
In summary, the pronounced steric buttressing ability of the trityl group has been 
strikingly demonstrated, firstly by its ability to induce cyclisation under mild conditions, 
with excellent selectivity. Secondly, the trityl group has conferred thermal stability on 
the tricyclic product (128), preventing further reactions from taking place. This steric 
buttressing ability can be attributed to the massive steric requirement of the trityl group, 
as shown in Figure 13. 
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4.1 Introduction 
The previous chapter (Chapter 3) demonstrated the ability of steric buttressing to promote 
an intramolecular ene cyclisation and also to stabilise the resulting product. In addition, 
the ene reaction in question exhibited high regio- and stereo-selectivity, although the 
extent to which this was influenced by the buttress is unknown. The present chapter is 
chiefly concerned with further investigation into the potential to control the selectivity of 
intramolecular ene cyclisations by manipulation of the buttress. This study will focus on 
the formation of pyrrolidine rings. From Chapter 2 we know that the ene cyclisation is a 
powerful method for the construction of pyrrolidine rings. The current investigation can 
be divided into four parts, the first three sections corresponding to the different enophiles 
used for this study. The final section details our initial studies towards a synthesis of a- 
kainic acid (57). 
4.2 Hydrocarbon Enophiles 
4.2.1 Alkene System 
The initial part of our investigation into the synthesis of pyrrolidines concentrated on 
simple hydrocarbon enophiles. Our first synthetic target was terminal alkene (138) 
(Scheme 36). Previous work within our group57 suggested (using 1H NOESY NMR) that 
the alkene ene cyclisation outlined in Scheme 36 proceeded with high selectivity (> 95 
%) for the cis isomer. 
Tr -N /- i ý/\ 88 % 
138 139 
Reagents and conditions: i) xylenes, reflux, 102 h. 
Scheme 36 
52 
Synthesis of Pyrrolidines Chapter 4 
Initial attempts to synthesise acyclic precursor (138) were based on repeating the 
previous synthetic strategy (Scheme 37). This involved tritylation of allylamine (140) to 
give (141), followed by alkylation using prenyl bromide/n-butyllithium. However the 
alkylation proved troublesome, presumably because of the hindered nature of amine 
(141), with only starting trityl amine isolated from the reaction mixture and, as a result, 
this procedure was discontinued. 
ýIý 'iv 
_/ H2N Tr-NH Tr-N 
65% 
140 141 138 
Reagents and conditions: i) Tr-CI, TEA, DCM, rt, 40 h; ii) prenyl bromide, 
n-BuLi, THF, rt, 20 h. 
Scheme 37 
Instead, the trifluoroacetamide methodology employed in the previous chapter was 
developed for the present synthesis (Scheme 38). Protection of allylamine as 
trifluoroacetamide (142) occurred in a reasonable yield (85 %) and the product could be 
alkylated without further purification to give amide (143). Compound (143) could then 
be deprotected using potassium carbonate in methanol to give secondary amine (144) in 
good overall yield (52 % over three steps). Once again the need for chromatography at 
any of these stages was unnecessary, ensuring that the amount of solvent used was 
reduced and the whole procedure speeded up. Protection of amine (144) as the trityl 
derivative gave (138) as a thick oil which solidified on further drying in vacuo. This 
solid could then be recrystallised from methanol with hot filtration to give amine (138) as 
a white solid. 
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ýýiO\O 
--ý N-CCF3 ---ý ýý , 
N-CCF3 -::: týý 
85% H 83% 
140 142 
ý 
N Tr . all 
iv 
-NH 
32% 
138 1 144 
Reagents and Conditions: i) TFAA, ether, 0°C to rt, 2.5 h; ii) prenyl bromide, NaH, DMF, 
rt, 16 h; iii) KOH, MeOH, rt, 18 h; iv) Tr-CI, TEA, DCM, reflux, 48 h. 
Scheme 38 
The cyclisation outlined in Scheme 36 was then carried out in refluxing xylene. 
Monitoring of the reaction, by removal and drying of aliquots then subsequent analysis 
by 1H NMR, indicated that the desired cyclisation was virtually complete (> 95 % 
conversion) after 110 hours. The same cyclisation was also attempted in refluxing 
toluene and this showed ca. 10 % cyclisation after 100 hours, indicating that the higher 
temperature was indeed necessary for efficient cyclisation. 
Analysis of the cyclic product by 1H NMR suggested that, as expected, only a single 
isomer was present and that this was the cis isomer. This is based on analysis of the 
vinylic region of the spectrum (see Figure 14). This showed only one set of vinylic 
signals, corresponding to the isopropylidene side chain at C-3 (ring numbering). 
Furthermore, these signals were separated by 0.2 ppm and by analogy with similar 
compounds43 this suggested the presence of the cis product, which is in agreement with 
earlier studies from our group. 
4.2.2 Alkyne System 
Having studied the alkene-ene cyclisation, attention turned to alternative enophiles. The 
effect of the enophile on the rate of cyclisation was of some interest to us 
143 
iii 74 
ý 
54 
10 
4.9 4.8 
6 
4.7 4.6 
Figure 14.111 NMR Spectrum of pyrrolidine (139). 
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and we decided to investigate the impact of changing from an alkene to a terminal, 
unsubstituted alkyne. The system in question is summarised in Scheme 39. 
ýi 
Tr -N ýý 
145 
Synthesis of acyclic precursor (145) is summarised in Scheme 40. This procedure is 
based on the synthesis of the alkene analogue and represents an efficient method of 
preparing amine (150). Tritylation of amine (150) gave acyclic precursor (145) in good 
yield after work-up. However, attempted purification of (145) by column 
chromatography (neutral silica/DCM), followed by recrystallisation from methanol gave 
product (145) in moderate yield (33 %). The problem is once again thought to be the 
instability of the trityl function in the presence of silica (see previous chapter). 
H2NCOCF3 
147 
148 
I Tr 
146 
Reagents and conditions: i) toluene, reflux, 75 h 
Scheme 39 
i 
29% 
77% 
0 
11 N -CCF3 H 
N -Tr 
ii 
58% 
iv 
35% 
N-CCF3 
Reagents and conditions: i) Prenyl bromide, NaH, DMF, rt, 18 h; ii) propargyl bromide, 
NaH, DMF, rt, 15 h; iii) KOH, MeOH, rt, 16 h; iv) Tr-CI, TEA, DCM, rt, 72 h. 
Scheme 40 
ýO 
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The cyclisation described in Scheme 39 was then carried out in refluxing toluene. Once 
again reaction progress was monitored by 
'H NMR, as shown in Figure 15, which 
showed that the reaction reached completion (> 95 % cyclisation) in approximately 75 
hours. This represents a significantly faster cyclisation than the alkene analogue, which 
required both a higher reaction temperature and a longer duration. 
j 
l 
j"I 
ºý 'ýýý s 
(a) Starting alkyne (145) (b) after 26 hours 
(c) after 50 hours (d) after 75 hours 
Figure 15.1 H NMR Spectra to show the progress of the thermolysis of alkyne (145) at 
110°C. 
In this case there is only one cyclic product, the double bond at the C-4 position on the 
pyrrolidine ring precluding epimer formation. However, in the 'H NMR spectrum the 
four vinylic protons are clearly visible as a group (see Figure 16). Analysis of these 
signals by heteronuclear NMR (HSQC) showed that the outer signals were attached to the 
same carbon (blue arrows in Figure 16), as were the inner two signals (red arrows in 
57 
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Figure 16. 'H NMR Spectrum of pyrrolidine (146), highlighting the olefinic region. 
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Figure 16). Furthermore, 'H-'H-COSY showed that the inner pair (red arrows in Figure 
16) corresponded to the alkene signals of the isopropylidene side-chain. 
4.3 Activated Alkene 
Following our success in controlling the stereoselectivity of the alkene-ene reaction and 
our further promotion of the alkyne-ene reaction, attention turned to other enophiles. We 
considered an a, ß-unsaturated ester function as an enophile, as outlined in Scheme 41. 
This type of system is of interest firstly as a model system for our later attempts to 
synthesise kainic acid. Specifically, we were interested in the degree of stereocontrol that 
could be exerted by the buttress, in particular the trityl group (recall the selectivity 
exhibited above in the alkene-ene cyclisation for the cis isomer). Additionally, this type 
of pyrrolidine ring, incorporating protected amine and carboxylic acid functionalities, is 
of interest as a conformationally constrained peptidomimetic. 
ýý A CO2CH3 
P-N - 
\-ýýC02CH3 
151 
P= steric buttress 
Scheme 41 
P 
152 
4.3.1 Synthesis 
Initial attempts to synthesis the a, ß-unsaturated ester were based on the previous 
syntheses of acyclic pyrrolidine precursors (e. g. Scheme 39). This involved alkylation of 
amide (148) with methyl bromocrotonate (Scheme 42). However, this procedure proved 
unfeasible, with no product formation observed, despite repeated attempts and alterations 
to the procedure. Amongst these alterations were attempts to purify the methyl 
bromocrotonate (purchased from Acros as 85 % pure) by washing with aqueous sodium 
carbonate solution and drying. 58 This was an attempt to remove any residual HBr, which 
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was thought to be reacting with the base present in the reaction medium during 
alkylation. However, this proved unsuccessful and therefore this synthetic strategy was 
abandoned in favour of other routes. 
0 
u N--CCF3 
H 
0 
u N-CCF3 
J H3CO2C 
148 153b 
Reagents and Conditions: i) Methyl bromocrotonate, NaH, DMF, rt, 16 h. 
Scheme 42 
Our follow-up synthetic strategy involved progressing via a Wittig-type pathway, 
involving an intermediate aldehyde, as detailed in Scheme 43. Protection of 
aminoacetaldehyde diethyl acetal (154) as the trifluoroacetamide gave acetal (155), 
which was then alkylated with prenyl bromide in NaHIDMF to give acetal (156). 
Unfortunately, the next step, deprotection of acetal (156) by acidic hydrolysis to give 
aldehyde (157b), proved problematical. A number of deprotection procedures were 
attempted, including the use ofp-toluenesulphonic acid/acetone and 80 % acetic acid . 
59 
The deprotections attempted simply resulted in messy 'H NMR spectra, with no sign of 
the characteristic aldehyde proton peak. The problem in this case was thought to arise 
from the instability of the aldehyde in the presence of water, leading to further reactions 
(condensations and possible hydrolysis). 
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Reagents and conditions: i) TFAA, ether, 0°C to rt, 2.5 h; 
ii) prenyl bromide, NaH, DMF, rt, 18h; iii) TsOH, acetone, 
rt, 6h. 
Scheme 43 
The aldehyde strategy was then approached in a different manner (Scheme 44). Initially, 
selective DIBAL reductionboa, b of N-Boc-glycine methyl ester (158) was used to generate 
aldehyde (160). However, this reduction procedure proved unreliable (over-reaction to 
the alcohol also occurring) and instead, aldehyde (160) was synthesised by Swern 
oxidation61 of alcohol (159a). Wadsworth-Emmons62 reaction of aldehyde (160) with 
methyl diethylphosphonoacetate gave a, ß-unsaturated ester (161) in moderate yield (40 
%). Carrying out this reaction in THE ensured selective formation of the trans olefin, 
confirmed by analysis of the olefin J values 63 (ca. 15 Hz) in the 1H NMR spectrum. 
Attempted alkylation of ester (161) was unsuccessful, the problem at this stage was 
thought to be the Boc group preventing reaction either by steric hinderance, or by 
deactivation of the carbamate nitrogen to alkylation. Therefore, the carbamate group was 
removed using TFA/DCM, to give the TFA salt of amine (162). This was then 
reprotected as trifluoroacetamide (163), using TFAA/DIPEA. Attempts to carry out the 
alkylation on this compound were also unsuccessful and the cause of this problem was re- 
evaluated as being the presence of the a, ß-unsaturated ester function. 
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v) TFA, DCM, rt, 2 h; vi) TFAA, DIPEA, ether, rt, 2.5 h. 
Scheme 44 
A modified strategy of "alkylation first" was thus introduced (Scheme 45). Initially, 
trifluoroacetamide (159b) was used, since it was expected to undergo facile N-alkylation. 
However, this procedure proved messy, with some O-alkylation occurring, despite 
changing of the stoichiometric ratio of reagents. Therefore, alcohol (159b) was first 
protected as the silyl ether, using TBDMS-Cl. Amide (164b) was then alkylated with 
prenyl bromide in DMF to give amide (165b). Silyl ether cleavage was then effected 
using TBAF/THF to give alcohol (166b). Care was necessary during this deprotection to 
avoid base induced cleavage of the trifluoroacetamide group. This problem arose as a 
result of the residual water present in the TBAF solution and, as a result, this reaction was 
limited to a duration of ca. 1 hour. Alcohol (166b) was isolated using column 
chromatography (neutral silica/5: 1 hexane/ethyl acetate). Aldehyde (157b) was then 
synthesised by Swern oxidation, using the procedure of Lajoie et al. 61 Wadsworth- 
Emmons reaction of aldehyde (157b) with methyl diethylphosphonoacetate gave acyclic 
ene precursor (153b), which could be purified by column chromatography (neutral 
153a ý 
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silica/9: 1 hexane/ethyl acetate) and showed the expected trans geometry about the new 
olefin group. 
R-N 
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a=95% 
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ii 
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II 
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Reagents and Conditions: i) TBDMS-CI, imidazole, DMF, rt, 18 h; ii) prenyl bromide, NaH, 
DMF, rt, 20 h; iii) TBAF, THF, rt, 0.75 h (Trif. ), 2h (Boc); iv) (COCI)2, DMSO, DIPEA, DCM, 
-65°C, 4 h; v) (EtO)2P(O)CH2CO2CH3, NaH, THF, rt, 2.5 h. 
R= a) Boc 
b) trifluoroacetyl 
Scheme 45 
Synthesis of the N-Boc protected analogue (153a) was developed concurrently in order to 
enable derivatisation at the ene precursor stage. This was in response to concerns over 
the viability of deprotecting the trifluoroacetamide. Cleavage of this group under basic 
conditions would also result in unwanted cleavage of the ester function. Deprotection at 
this final stage was considered desirable, in order to reprotect the resulting amine with 
other buttresses, such as the trityl group. Therefore, Boc-alcohol (159a) was protected as 
the silyl ether (164a) using the same procedure as before. Alkylation with prenyl 
bromide in DMF was then carried out, albeit with a longer reaction time than that for the 
trifluoroacetamide analogue (90 hours instead of 18 hours). Silyl ether deprotection64 
was then carried out using TBAF/THF to give alcohol (166a). In this series problems 
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arising from base induced cleavage of the N-protecting group were avoided (in general 
the Boc group was easier to work with). Alcohol (166a) was isolated by column 
chromatography (neutral silica/ether) in 57 % yield. Swern oxidation of alcohol (166a) 
gave aldehyde (157a), which was converted to oc, ß-unsaturated ester (153a) by reaction 
with methyl diethylphosphonoacetate and isolated by column chromatography (neutral 
silica/1: 1 hexane/ether) in 58 % yield. Of note is the observation that a number of the 
intermediates from Scheme 45 show significant rotamerisation in their 1H NMR spectra. 
An example of this is shown in Figure 17 for trifluoroacetyl compound (153b). It can be 
seen from Figure 17 that on heating compound (153b) to 373 K in d6-DMSO the 
spectrum "collapses" to the one that would be expected in the absence of rotamer effects. 
Deprotection of N-Boc a, ß-unsaturated ester (153a) using TFA/DCM (Scheme 46) gave 
amine (167). Compound (167) was then reprotected as either the N-trityl or N-benzyl 
derivative. The benzyl group was chosen to compare with the trityl since it was expected 
to contribute to an electronically similar system but, being a smaller group, the 
buttressing effect was expected to be diminished. This would then allow the relative 
buttressing ability of the trityl group in this series to be gauged. 
Boc -N "'ý""CO2CH3 
153a 
R= c) trityl 
d) benzyl 
I 
66% 
HN CO2CH3 
I ii or iii c=65% 
d=71 % 
167 
R-N "'ý "-'ýCO2CH3 
I 
153c, d 
Reagents and conditions: i) TFA, DCM, rt, 2 h; ii) Tr-CI, TEA, DCM, rt, 70 h; 
iii) Bn-Br, TEA, DCM, rt, 21 h 
Scheme 46 
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4.3.2 Cyclisation Studies 
Analysis of the four N-protected acyclic ene analogues was now possible (see Scheme 
47). The four derivatives chosen for the study could be divided into two categories and 
within these divisions the groups were comparable. The two initial analogues, the Boc 
carbamate (153a) and the trifluoroacetamide (153b), formed one subcategory. 
Attachment of these groups would result in an sp2 geometry at the central nitrogen. The 
other subdivision comprised the two derived analogues, the trityl (153c) and the benzyl 
(153d) ene systems. These buttresses are grouped together because they confer an sp 
3 
geometry on the central nitrogen atom. Therefore, although subtle electronic differences 
may be inherent, within each subdivision the two groups can be considered electronically 
similar, allowing a direct comparison in buttressing ability to be made. 
", CO2CH3 
n+ 
C02CH3 
R-N\--- 
'-Z%--C02CH3 
153a-d 
a) Boc 
b) trifluoroacetyl 
c) trityl 
d) benzyl 
Scheme 47 
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Ný 
II 
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168 169 
For reaction conditions see Table 7 (overleaf) 
Analysis of the cyclisations was carried out using 'H NMR. The cyclisations were carried 
out at 130°C in d2-tetrachloroethane, except for the trityl derivative, which was 
thermolysed at 100°C in dg-toluene. This discrepancy was a result of the extremely fast 
cyclisation of this analogue in tetrachloroethane at 130°C. In high quality NMR tubes 
(for greater homogeneity) the cyclisations were monitored using a constant volume of 
deuterated solvent and a roughly constant concentration. Any variation in concentration 
would not be expected to have a significant impact on reaction progress since 
intramolecular ene cyclisations of this type show little susceptibility to solvent effects. 
The cyclisations were monitored by recording 'H NMR spectra at hourly intervals for 24 
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hours; the results of this are summarised in graphical form in Figure 18. Reaction 
progress was analysed by measuring the change in integral value for selected peaks over 
the reaction period. An example of a typical spectrum generated by this method of 
monitoring is shown in Figure 19 for the Boc carbamate (153a) cyclisation. 
From Figure 18 the general trend in terms of speed of cyclisation is trityl » benzyl 
trifluoroacetamide > Boc, especially given that the trityl cyclisation was carried out at a 
much lower temperature (see above discussion). Consideration should be given to the 
fact that this result does not represent true kinetic data but merely a trend, since factors 
related to the NMR measurements could not be rigorously controlled and will have had 
an impact on the fine detail of the data. Nevertheless, the results obtained point to a 
significant impact on cyclisation on changing the buttress. However, promotion of 
cyclisation was only one factor of interest; control of selectivity (i. e. the cis/trans ratio) 
was of equal or greater importance. Estimation of the degree of cis/traps selectivity was 
provided by analysis of 'H NMR spectra of crude samples from laboratory scale 
cyclisations, which had reached completion (> 95 % cyclisation). The relevant data, 
including the conditions required for cyclisation, is summarised in Table 7. 
Buttress Conditions Cis (168)/Trans (169) ratio 
Boc (153a) TCE/Reflux/66 h 76: 24 
Trifluoroacetyl (153b) TCE/Reflux/46 h 82: 18 
Benzyl (153d) Xylenes/Reflux/87 h 84: 16 
Trityl (153c) Toluene/98°C/78 h 88: 12 
Table 7. Conditions required for ene cyclisation of compounds (153a-d). 
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Identification of the cis and trans pyrrolidine isomers was carried out by analogy to the 
work of Kennewell et al. 43 These workers also carried out the trifluoroacetamide 
cyclisation (series B) currently under discussion, albeit under different conditions and as 
the ethyl ester (page 31). Following successful cyclisation these workers managed to 
separate the two isomers (a feat which, despite numerous attempts, has thus far failed in 
our hands) and conclusively identify the two isomers and assign their respective 
stereochemistry. Peaks associated with the two isomers can be readily identified in the 
crude IH NMR spectra. The signals corresponding to the terminal alkene protons of the 
isopropylidene subunit differ between the two isomers. For example consider the trityl 
series ((168c) and (169c)), in the cis isomer the signals corresponding to the two vinylic 
protons appear as two widely separated (ca. 0.2 ppm) singlets; in the trans isomer these 
signals are much closer together (this is illustrated in Figure 20). 
1y 
Li L 
5.0 4.9 4.8 4.7 46 45 44 PPM 
Figure 20. Olefinic region of the IH NMR spectrum of (168c) (blue arrows) and (169c) 
(red arrow). 
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Selectivity for the cis isomer in this trityl protected series is partly determined by it being 
the kinetically favoured product. This is a result of the transition states through which the 
cyclisation must progress to give the cis and trans isomers. The transition states for 
formation of the two isomers are shown in Figure 21. It can be seen that the transition 
state for formation of the cis isomer (Figure 21a) is less highly strained than that for the 
trans isomer (Figure 21b). Analysis of Table 7 shows that variation of the buttress 
induces only minor changes in the cis/traps ratio, within the previously defined subsets. 
However, there would appear to be a marked difference in the ratio on changing from an 
sp2 to an spa geometry about the central nitrogen. Presumably, the different geometry at 
the central nitrogen contributes to a slightly altered transition state geometry, leading to 
increased favourability for the cis isomer. 
Further attempts to control the stereochemistry in the trityl series, by thermal 
equilibration of the cyclic product, gave mixed results. A sample of the trityl thermolysis 
product ((168c) and (169c)) was heated in refluxing dio-o-xylene for a prolonged length 
of time. Monitoring of the thermolysis by 'H NMR showed a definite, measurable 
change in the cis/trans ratio over a considerable (ca. 70 hours) period. However, the 
prolonged duration of the thermolysis required to give complete conversion to the trans 
isomer (ca. 2-300 hours) precluded product isolation, because extensive thermal 
decomposition set in over those longer periods of time. A similar thermal equilibration 
has been observed by Xia and Ganem (ca. 10 % epimerisation over 4 days at 2100C), 46 
but not by Kennewell and co-workers43 (see Chapter 2, page 31). 
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Figure 21 Proposed transition states for the trans-olefin during ene cyclisation: a) leading to 
cis-product, b) leading to trans-product (adapted from ref. 28, page 1192). 
Earlier in this section the buttressing ability of the four groups studied was classified in 
terms of ability to promote cyclisation as : - 
trityl » benzyl -- trifluoroacetyl > boc. 
This classification is also largely applicable to the ability of the different buttresses to 
influence stereoselectivity. The buttressing trend can be rationalised by consideration of 
the relative size of the different groups and the conformations they adopt (Figure 22). 
The trityl group (Figure 22a) is by far the largest of the buttresses studied, largely 
because of the desire to minimise steric repulsion between the phenyl rings. This ensures 
that the trityl group takes up a large portion of the available conformational space. By 
contrast the benzyl group is much smaller (Figure 22b), requiring less of the available 
conformational space. The impact of this size difference is then apparent in the more 
forcing conditions required for cyclisation in the benzyl derivative (see Table 7). In the 
trifluoroacetamide analogue the central nitrogen is planar sp2 hybridised and one possible 
orientation of the groups about this nitrogen is shown in Figure 22c. In this conformation 
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(a) Trityl compound (153c) 
(c) Trifluoroacetamide compound (153b) 
(b) Benzyl compound (153d) 
(d) Boc compound (153a) 
Figure 22. Molecular models to show the configuration of the buttresses during the ene 
cyclisation process (CHEM3D). 
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the amide carbonyl limits the conformational mobility of one reacting arm and the 
trifluoromethyl group performs a similar function on the other reacting arm. In the boc 
series (Figure 22d) the carbamate carbonyl carries out a similar task on one reacting 
centre. However, the presence of the extra oxygen atom serves to position the t-butyl 
group further from the rest of the molecule, lessening its potential steric influence. This 
is compounded by the bond angles about this oxygen, which orientate the t-butyl group 
away from the second reacting centre. It is therefore reasonable to presume that both size 
and orientation of the buttress are factors in determining the effect of the buttress. 
Additionally, whilst the models shown in Figure 22 are only simple, energy minimised 
representations of the reactive conformation, they to serve to illustrate a further, 
important point. Analysis of the models shows that the distance between the two reacting 
centres varies only minimally between the four models. This suggests that the main 
function of the more effective buttresses is not to force the two reacting centres into 
greater proximity, but to increase residence time in the reactive conformation. 
4.4 Hetero-enophiles 
4.4.1 Aldehyde System 
Recalling the previous section, closer inspection shows that intermediates (157a) and 
(157b) incorporate the necessary functionalities to undergo a carbonyl-ene reaction. It is 
from this system that the aldehyde-ene reaction we are interested in is derived (Scheme 
48), although neither the trifluoroacetamide nor Boc carbamate buttressed cyclisation 
were investigated. 
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Initially, the trityl buttressed cyclisation was studied. Synthesis of the trityl aldehyde 
(170a) began from trifluoroacetamide (165b) (Scheme 49). The trifluoroacetyl was 
removed using potassium carbonate/methanol to give amine (173). Of interest is the 
observation that this deprotection required a 70 hour reaction time, considerably longer 
than comparable trifluoroacetamide deprotections (see earlier e. g. page 54). This 
phenomenon is attributed to an electronic effect from the silyl ether. Amine (173) was 
then protected with the trityl group to give (174a), which could be recrystallised from 
methanol, with hot filtration. Silyl ether removal with TBAF/THF gave alcohol (175a), 
which, after purification underwent Swern oxidation to give trityl aldehyde (170a). 
O 
/OTBDMS II ,,. F3CC-N 
165b 
R= a) Trityl 
b) DPP 
I 
92% 
HN ,, ýOTBDMS R-N , ýOTBDMS 
ii or üi 
Ia= 
77 % 
b=94% 
173 174a, b 
iv a=57% 
b=86% 
R_NO 
v 
I 
a=74% 
b=92% 
170a, b 
OH 
R-N 
175a, b 
Reagents and Conditions: i) KOH, MeOH, rt, 70 h; ii) Tr-CI, TEA, DCM, rt, 50 h; iii) DPP-CI, 
DMAP, TEA, DCM, rt, 22 h; iv) TBAF, THF, rt, 2 h; v) (COCI)2, DMSO, DIPEA, DCM, -65°C, 4h 
Scheme 49 
Cyclisation (as summarised in Scheme 48) was initially effected in tetrachloroethane at 
120°C. Monitoring of the reaction showed that it reached completion (> 95 % 
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cyclisation) after 2-3 hours but that the reaction gave a complex mixture of products 
which were difficult to separate. Instead, the cyclisation was repeated at 84°C in toluene. 
Monitoring by 'H NMR suggested that the reaction reached completion (> 95 % 
cyclisation) after 16 hours. Analysis of the crude 
1H NMR spectrum of the completed 
reaction showed two alcohols formed in an isomeric ratio of ca. 9: 1 (later found to 
be in 
favour of the cis isomer). 
The cis and trans isomers were separated by column chromatography (neutral silica/2: 1 
hexane/ethyl acetate). Assignment of the relative stereochemistry was based on analogy 
with previous results by Kennewell et al. 
43 (see earlier) and our own 2-D NMR analysis. 
The less polar isomer was assigned the cis configuration about the C-3/C-4 bond, this 
being compatible with the work of Kennewell. As discussed earlier, these workers also 
observed the two vinylic signals associated with the isopropylidene side chain to be 
further apart in the cis isomer, an observation consistent with our own findings. 
Analysis of the two isomers by 'H-'H COSY NMR provided confirmation of the relative 
geometries. For the cis isomer a coupling interaction was observed between the 
hydrogens associated with the C-3 and C-4 positions, this coupling interaction was absent 
in the spectrum of the trans isomer. 
For comparison, the aldehyde-ene reaction was also carried out with the 
diphenylphosphinoyl (DPP) group65a, b attached. Recalling Chapter 1 (page 20), Besev 
and Engman23 used this group as a buttress in radical cyclisations, with some success in 
promoting reaction and controlling stereoselectivity. Therefore, diphenylphosphinoyl 
chloride was reacted with silyl amine (173) to give the phosphinamide (174b), which was 
purified by column chromatography (neutral silica/95: 5 ethyl acetate/methanol). Silyl 
ether cleavage, using TBAFITHF, gave alcohol (175b), which solidified on standing and 
could be recrystallised from hexane/diethyl ether. Alcohol (175b) was then converted to 
aldehyde (1 70b) by Swern oxidation. 
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Aldehyde (170b) was then thermolysed in dg-toluene at 84°C, thus allowing direct 
comparison with the trityl promoted cyclisation. Monitoring of the reaction by 1H NMR 
suggested that the cyclisation reached completion (> 95 % cyclisation) after ca. 60 hours. 
Also of interest is the observation from the crude 1H NMR spectrum of the completed 
cyclisation that the cyclisation appeared to be highly selective for the cis isomer (ca. 90 
% or greater from 1H NMR analysis) and comparable to or more selective than the 
analogous trityl promoted cyclisation. Only the cis isomer (171b) was isolated from the 
reaction after purification. The relative configuration in this case was assigned using the 
arguments used previously and further confirmed by 1H-1H COSY NMR. Given the 
roughly tetrahedral orientation of the substituents about the central phosphorus atom, 65a, 66 
a configuration which resembles that of the trityl group, it follows that the substantial 
difference in buttressing ability (in terms of promoting cyclisation) is probably a result of 
the greater P-N bond length (ca. 1.68 A against 1.47 A for a C-N bond (spa nitrogen)). 
This would leave the buttress further from the reacting centres, resulting in a reduced 
ability to "lock" the reactive groups in the correct orientation for reaction. In addition, 
this reduced interaction with the reacting arms ensures that the ground state energy of the 
DPP system is lower than that for the trityl system, resulting in a greater activation 
energy barrier to cyclisation. Overall, the thermally promoted carbonyl-ene cyclisation 
of these systems has proceeded with high selectivity. This result is remarkable given 
2a° carbonyl-ene reactions usually require Lewis acid catalysis. 
4.4.2 Ketone System 
The success of the aldehyde-ene reaction discussed above generated an interest in other 
carbonyl-ene reactions, and hetero-ene reactions in general. The obvious candidate for 
further study of carbonyl enophiles is the ketone system, in particular a methyl ketone. 
Our interest in this area was further fuelled by a recent paper by Pedrosa et al. 67 These 
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workers carried out the keto-ene cyclisation summarised in Scheme 50 with interesting 
results. One of the key findings was that in the cyclic product the alcohol and 
isopropylidene groups, at the C-3 and C-4 positions respectively, possessed the cis 
configuration. 
IIII .... 
i 
88% 
Ilm 
177 Phe' : 
OH 
Ratio 
Reagents and Conditions: i) toluene, 170°C, 1h 
Scheme 50 
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As stated above, we had already decided that a methyl ketone system was our target. 
Given the lessons previously learned with regards to alkylating agents, a starting material 
incorporating an amino group and a masked carbonyl function was desired. 
Commercially available 1 -amino-2-propanol (in this case racemic) was a viable starting 
material and, in the absence of any N or 0-protected alternatives, this was the starting 
material of choice. However, this starting material presented a challenge in terms of 
selectivity for one functionality over the other, especially if we consider that an early 
critical step is the attachment of the prenyl group. Protecting group manipulation was the 
obvious answer to this challenge. As shown in Scheme 51, (179) was reacted with 
TBDMS-Cl, in an attempt to form silyl ether (180). However, this reaction was 
unsuccessful, presumably because of the nucleophilicity of the primary amine function. 
OH 
ý 
NH2 
OTBDMS 
i-ýýý NH2 
179 180 
Reagents and conditions: i) TBDMS-Cl, imidazole, DMF, rt, 18 h. 
Scheme 51 
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The trifluoroacetamide route, analogous to the previous section, was then attempted 
(Scheme 52). Initially, diprotected compound (181) was deliberately synthesised. This 
was in response to work by Cramer et al., 68 which suggested that the trifluoroacetate 
function could be cleaved by stirring in methanol at room temperature, conditions to 
which the trifluoroacetamide was expected to be stable. However, the trifluoroacetate 
ester group proved stable to the reaction conditions. 
OH 
NH2 
i H 
N-CCF3 
II 
0 
H II 
N -CCF3 
179 181 182 
Reagents and conditions: i) TFAA, TEA, ether, 0°C to rt, 2.5 h; ii) MeOH, rt, 1 h. 
Scheme 52 
Synthesis of the trifluoroacetamide was then attempted using methyl trifluoroacetate 
(Scheme 53). At first this procedure gave poor yields of the desired product and the 
problem was postulated as being due to the water solubility of the product 
trifluoroacetamide (182). When the reaction was carried out under solvent-free 
conditions, without aqueous work-up, a high yield of (182) was obtained (88 %). Product 
(182) could then be isolated by recrystallisation from hexane/ether. Silyl amine (185) 
was then synthesised in a comparable manner to that used for the previous silyl amine 
(173). Protection of (185) as both the trityl and phosphinoyl derivatives was then 
attempted, although the trityl derivatives proved unsuitable and the trityl alcohol was not 
isolated. Further work on the trityl series was not carried out. 
Phosphinoyl silyl ether (186) was isolated by column chromatography (neutral silica/95: 5 
ethyl acetate/methanol) followed by recrystallisation from hexane. Silyl ether cleavage 
using TBAF/THF gave alcohol (187), which was isolated by recrystallisation from light 
pet. ether/ether. Swern oxidation of alcohol (187) gave ketone (188) as an amorphous 
0 
n 
0, CCF3 OH O 
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solid which was used without further purification. The presence of the ketone in this case 
was confirmed by inspection of the 13C NMR spectrum, which showed a peak at ca. 200 
ppm, associated with the ketone carbonyl. In addition, a TLC plate developed, then 
stained with a 2,4-DNP solution, gave a positive result for the presence of a carbonyl 
group. 
OH 
ýNH2 
86% abil 
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0 OTBDMS  
182 
OTBDMS OTBDMS OTBDMS 0 
11 
, 
)--N-DPP 
v NH iv N-CCF3 
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OH Y 
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II 
187 
I 65% 94% 
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N-CCF3 
98% N-CCF3 H 
183 
iä_ 88% 
185 184 
0 
,, 'LýN-DPP 
188 
Reagents and conditions: i) F3CCO2CH3,, 5°C, 0.5 h; ii) TBDMS-CI, imidazole, 
DMF, rt, 18 h; iii) prenyl bromide, NaH, DMF, rt, 18 h; iv) KOH, MeOH, rt, 16 h; 
v) Ph2P(O)-Cl, DMAP, TEA, DCM, rt, 19 h; vi) TBAF, THF, rt, 2.5 h; vii) (COCI)2, 
DMSO, DIPEA, DCM, -65°C, 4 h. 
Scheme 53 
Thermolysis of ketone (188) was initially attempted in d8-toluene at 85°C (Scheme 54). 
However, monitoring of the reaction by 1H NMR showed that no observable cyclisation 
80 
Synthesis of Pyrrolidines Chapter 4 
had occurred after 40 hours and the cyclisation was then attempted in xylene at 120°C, 
but cyclisation was still slow. Thermolysis was eventually carried out in refluxing xylene 
and, after 280 hours, had reached 10 % conversion. At this stage the reaction was 
terminated and the mixture separated by column chromatography (neutral silica/95: 5 
ethyl acetate/methanol). The most interesting fraction comprised a mixture of ketone 
starting material and an ene reaction product. The 
1H NMR spectrum of this fraction is 
shown in Figure 23, the red arrows representing the starting ketone and the blue arrows 
representing the ene product. Although none of the other chromatography fractions 
yielded an ene reaction product, the emergence in the crude 
1H NMR spectra of other 
peaks in the allylic region (ca. 5 ppm), suggests that the cyclisation was not selective for 
the single isomer isolated. 
0 )LN 
-DPP xylenes 
retlux 
188 189 
Scheme 54 
The significantly slower cyclisation (relative to the aldehyde-ene analogue) is probably a 
result of predominantly electronic factors. The ketone carbonyl is an inherently less 
electrophilic enophile than the aldehyde carbonyl and this, along with possible steric 
hindrance in the transition state, brought about by the presence of the methyl group 
adjacent to the carbonyl, makes cyclisation disfavoured. That electronic effects are the 
most probable explanation for the observed reactivity can be justified by closer 
examination of other carbonyl-ene cyclisations. For example, the keto-ene cyclisation 
studied by Pedrosa et al. (see page 78), incorporated at the a-position (to the ketone 
carbonyl) an N, O-acetal. 67 Craig et al. 69 have also studied a carbonyl-ene reaction 
(Scheme 55). Their 
81 
1 
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. ýý 1 
54321 PPN 
ýý 
111 
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Figure 23. 'H NMR Spectra showing compounds (188) (red arrows) and (189) (blue 
arrows) 
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Lewis acid promoted cyclisation incorporated a ketone with a, a'-heterosubstitution and 
proceeded in high yield. 
OTIPS 
I 
TBDMSO/1--ý 0 
""'OBn 100% 
OTIPS 
ý ''OBn 
. HO --ýOTBDMS 
190 191 
Reagents and conditions: i) Me2AICI, DCM, rt, 0.5 h. 
Scheme 55 
Hiersemann70 has also studied a thermal ene cyclisation involving a carbonyl enophile 
(Scheme 56). In this case the carbonyl portion possessed an oxo-ester function at the a- 
position. From Scheme 56 it should be noted that this cyclisation still required forcing 
conditions. In the light of these literature precedents it would seem reasonable to 
conclude that our own keto-ene system was markedly unactivated for ene cyclisation. 
0 co2i-Pr 
192 
i 
193 
74% 
Reagents and conditions: i) decane, 180°C, 40 h. 
Scheme 56 
194 
13% 
(plus 13 % acyclic 
starting material) 
78 % overall yield 
4.4.3 Imino-Ene Cyclisation 
The imino-ene cyclisation is a well-documented and synthetically useful reaction with 
particular importance in natural product synthesis. 24e In this series we hoped to carry out 
a model study on an imino-ene system, with a possible view to using the cyclic products 
for further reactions. Our studies in this area were prompted by the ease of entry into the 
imino-ene system. Thus, coupling of aldehyde (170b) with benzylamine (Scheme 57), in 
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the presence of 4A molecular sieves, gave imine (195). 
0 L 
IN-DPP 
170b 
i 
73 % 
195 
N-DPP 
Reagents and conditions: i) Benzylamine, DCM, rt, 30 h. 
Scheme 57 
Thermolysis of imine (195) was then carried out in d8-toluene at 85°C (Scheme 58), to 
allow facile comparison with the cyclisation of the corresponding phosphinoyl aldehyde 
(170b). Initially, the reaction appeared to be proceeding as anticipated; monitoring of the 
cyclisation by 'H NMR indicated the emergence of new peaks in the NMR spectrum. 
The reaction was stopped after 100 hours and the reaction mixture purified by column 
chromatography (neutral silica/95: 5 ethyl acetate/methanol). Unfortunately, analysis of 
the individual fractions failed to indicate the presence of an ene product. The fraction 
corresponding to the emerging peaks in the crude 1H NMR spectrum corresponded to 
some form of acyclic product. This was indicated by the presence of peaks in the 1H 
NMR spectrum corresponding to the prenyl side chain. The reason for the failure of this 
cyclisation is unclear, but may be due to a large HOMO-LUMO energy separation in the 
-'N-DPP 
Q 
I 
DPP 
195 
Scheme 58 
196 
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transition state. This is thought to be the explanation for the fact that unactivated imino- 
ene reactions of this type are rare. 
24e 
4.4.5 Nitrile Series 
The possibility of carrying out an ene reaction using a nitrile enophile, broadly 
comparable to the alkyne cyclisation discussed earlier, was also of interest. This interest 
was further fuelled by an apparent lack of any literature precedents for the use of nitrile 
enophiles. Therefore, trityl buttressed nitrile compound (199) was synthesised as 
described in Scheme 59. A key feature of this reaction was the poor yield for the 
alkylation step, speculated as being the result of a side-reaction involving nitrile self- 
condensation. 
0 ui N-CCF3 
H 21 % 
148 
>==\ 
N -Tr 
III 
NC 
199 
J 38% 
> 0 N-CCF3 II 
NC 
J" 
197 
Reagents and conditions: i) Bromoacetonitrile, NaH, DMF, rt, 18 h; 
ii) KOH, MeOH, rt, 17 h; Tr-CI, TEA, DCM, 54 h. 
Scheme 59 
The cyclisation (Scheme 60) was first attempted in d8-toluene at 100°C (for comparison 
with the alkyne system). However, monitoring of the cyclisation by 1H NMR showed no 
observable cyclisation at this temperature. The cyclisation was then attempted in d2- 
tetrachloroethane at 120°C. Under these conditions new peaks emerged in the 1H NMR 
spectrum during monitoring of the reaction. However, these peaks did not correspond to 
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Scheme 60 
an ene reaction product (no peaks consistent with the isopropylidene side chain for 
example). It is thought that solvent degradation (caused by heating at prolonged high 
temperature) is occurring to give, in this case, DCI. The nitrile is then undergoing some 
form of acid catalysed hydrolysis/condensation, possibly followed by cyclisation. This 
scenario would be consistent with the observation that no cyclisation occurred in toluene, 
since intramolecular cyclisations of this type are largely solvent independent. The reason 
for the failure of this cyclisation attempt is uncertain. The nitrile should adopt a similar 
conformation as the alkyne, including comparable orbital orientation. If this is correct 
then it would appear that the likely cause of the failure to undergo pericyclic reaction is 
an unfavourable HOMO-LUMO interaction (see above for the imino-ene cyclisation). 
4.5 Attempted Synthesis of Kainic Acid 
From Chapter 2 we know that kainic acid is a naturally occurring pyrrolidine amino acid 
of significant importance across a range of disciplines. Recent accounts of a worldwide 
shortage of this compound have made it imperative to find a viable synthetic route to this 
natural product. " In Chapter 2 the numerous attempts to synthesise kainic acid by 
intramolecular ene cyclisation were described. Much of the work discussed earlier in this 
chapter could be considered as model studies relating to this ultimate synthetic goal and it 
is therefore logical that we contemplated a synthesis of kainic acid by intramolecular ene 
cyclisation. 
The starting material for our synthetic procedure (Scheme 61) was L-serine. The need to 
avoid enolisation at key points during our synthesis, particularly given that formation of 
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ii (202) 0 ow II 
12 % F3CC-N 
H 
the serine aldehyde was a crucial stage in our strategy, was of paramount importance. 
Therefore, a dual protection strategy was devised, starting with protection of the nitrogen 
as the trifluoroacetamide derivative using the procedure developed by Curphey. 72 The 
carboxylic acid function was then protected with an oxetane ester function, using a 
strategy developed by Lajoie61' 61,73 and co-workers. The initial oxetane ester was then 
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Reagents and conditions: i) F30002Me, TEA, MeOH, rt, 16 h; ii)a) 
Cs2CO3, H20, rt, 0.5 h; b) Nal, DMF, rt, 90 h; iii) BF3. Et2O, TEA, 
DCM, rt, 6 h; iv) TBDMS-CI, DBU, MeCN, rt, 21 h; v)prenyl bromide, 
NaH, DMF, rt, 20 h. 
Scheme 61 
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converted to the ortho ester (204) using boron trifluoride diethyl etherate. Enolisation in 
this compound is prevented by protection of the ester carbonyl in the ortho ester unit 
Protection of the serine alcohol was then carried out. Attempted silyl ether formation 
using the conditions established for earlier alcohol protections was unsuccessful. Instead, 
silyl ether formation was carried out using TBDMS-Cl/DBU, as described by Orsini et 
al. 74 The next stage, attempted N-alkylation of protected serine (205) to give (206), was 
problematical. The initial problem related to degradation of the ortho ester in a matter of 
hours, in the presence of the alkylating agent (prenyl bromide). Altering the 
stoichiometries involved, giving an excess of sodium hydride and ensuring a basic work- 
up, solved this problem, at least to a certain extent (the ortho ester was stable for 24-36 
hours, after which time hydrolysis still occurred). The next problem encountered was 
that even after 24 hours reaction duration, alkylation had proceeded only to ca. 30 % 
completion. This is thought to be due to steric hindrance by the ortho ester, which adopts 
a space-filling pseudoadamantoyl shape. Product formation was identified by mass 
spectroscopy and an emerging peak in the 1H NMR spectrum attributed to the serine 
methine hydrogen. Purification of the reaction mixture was attempted but proved 
unfeasible. The three earlier intermediates in this series were purified by recrystallisation 
or trituration, but these methods proved ineffective in this instance. Column 
chromatography using neutral silica or neutral/basic alumina also failed, presumably 
owing to the acid sensitivity of the ortho ester group and the base sensitivity of the 
trifluoracetamide group. This attempted synthesis of kainic acid therefore ended without 
the synthesis of the ultimate target. 
4.6 Summary 
This chapter has further demonstrated the ability of steric buttressing as a technique to 
promote intramolecular cyclisation. This effect is readily apparent in cases involving the 
trityl group. Use of this buttress enables ene cyclisations to proceed under relatively mild 
conditions. For example, the ene cyclisations carried out by Huntsman and co- 
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workers, 27a, 
b involving 1,6-dienes, were carried out at temperatures in excess of 400°C 
(Chapter 2, Scheme 36). In addition Conia et al. 75 carried out the ene cyclisation 
summarised in Scheme 62, also at elevated temperature. 
300°C, 3h 
ýý 
207 
Scheme 62 
75% 
Effecting ene cyclisation under milder conditions assists in improving stereoselectivity. 
At lower temperatures it is inherently more difficult for ene reaction systems to attain 
higher energy transition states. For example consider the trans alkene system studied 
earlier in this chapter (Scheme 47). The transition state for the trans pyrrolidine is 
relatively high in energy compared to that for formation of the cis pyrrolidine. This 
situation is also exacerbated by the buttress (particularly the trityl group), which further 
increases the strain in the system and results in the trans transition state being at a 
relatively higher energy level. Overall, the results obtained show that by manipulation of 
the buttressing group (e. g. by using the trityl group), a high degree of stereocontrol can be 
achieved. 
The extension of the steric buttressing methodology to hetero-ene systems has also been 
partly successful. Promotion of the aldehyde-ene cyclisation allowed a comparison 
between the trityl and DPP groups to be made. This showed that the trityl group was 
more effective at promoting cyclisation but that the DPP group induced comparable or 
greater stereoselectivity. The results for the ene cyclisations using nitrogen enophiles 
indicate that steric buttressing can only promote already allowed cyclisations. With 
regards to these systems it may be of interest to attempt cyclisation in the presence of a 
Lewis acid. 
N-CH3 
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5.1 Introduction 
In the two previous chapters we have demonstrated the role of steric buttressing in not 
only accelerating cyclisations but in also improving stereoselectivity. With these 
successes behind us we became interested in the possibility of chiral induction using a 
steric buttress. This presented an initial problem in that use of a buttress incorporating a 
C-N bond as the amine tether (e. g. a chiral trityl derivative) was not feasible, since the 
mechanism for attachment of such a group would require the central carbon to progress 
through an sp2 hybridised state, with concomitant racemisation. 
Our model system to study chiral induction (Scheme 63) was derived from the system 
studied by both Sammes and McNelis (Chapter 1, pages 16 and 17). The rationale 
behind this being that this particular system has been thoroughly studied and therefore a 
large data set already exists for comparison. Furthermore, this system has the advantage 
of being relatively small and simple, with easy to synthesise acyclic precursors and, 
crucially, the cyclisation generates three new chiral centers (a, b and c in Scheme 63). 
Scheme 63 
209 210 
Initially we looked at the ferrocene system outlined in Scheme 64. The initial target, 
compound (215) incorporates the chiral ferrocene buttress. Studies76 have indicated that 
in ferrocene systems of this type the sp2 centre in cation (213) does not undergo 
racemisation, at least for a matter of hours. 77 The precise nature of this phenomenon is a 
matter of dispute, although some studies have suggested that a nonbonding egg orbital 
from the iron atom interacts with, and stabilises, the cation directly. Starting from 
commercially available acetylferrocene (211), Grignard reaction using phenylmagnesium 
bromide was carried out to give tertiary alcohol (212). Cation (213) 
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was then generated by dehydration using tetrafluoroboric acid78 (HBF4), this acid being 
used because it possesses a large i. e. non-nucleophilic anion. Introduction of amine (214) 
then gave (215). Unfortunately, due to the highly stabilised ferrocenyl cation, isolation of 
amine (215) was difficult. In addition, during work-up of the Grignard reaction and 
during the dehydration step, there was a tendency for alkene (216) to form by elimination 
of hydrogen at the a-methyl position. 
OH 
Ph 
Fe i_ Fe 
211 212 
'ý; ý 
Ph 
a 
216 
4ýý> 
215 
Reagents and conditions: i) PhMgBr, THE, rt, 19 h; ii) HBF4, ether, rt, 1.5 h; iii) DCM, 
rt, 22 h. 
Scheme 64 
Therefore, attention turned to benzoylferrocene (217) (Scheme 65). Reduction of the 
ketone using sodium borohydride gave alcohol (218). As a secondary alcohol, compound 
(219) was much less reactive (in terms of ease of cation formation) and possessed no a- 
hydrogens with which to undergo elimination. Generation of cation (220) by HBF4 
induced dehydration proved ineffective, as did attempted chlorination using acetyl 
chloride. Cation formation using a better leaving group showed more promise. 
Conversion of the alcohol to the mesylate, using methanesulphonyl chloride or 
Imp- 
71% 
91 
Chiral Steric Buttressing Chapter 5 
methanesulphonic anhydride (preferable, due to removal of chloride ion from the 
reaction medium) was studied. 
79 Initially, using furfurylamine as the nucleophile, model 
compound (220) was synthesised, albeit as a minor product (> 10 %). Mass 
spectroscopic evidence suggested that the major product was dimer (222). This 
undesired dimerisation side reaction was eliminated by controlled addition of alcohol 
(218) to the reaction medium. However, this did not result in improved amine product 
formation and as a result this line of inquiry was suspended. 
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Reagents and conditions: I) NaBH4,1: 1 THF/MeOH, 0°C to rt, 4 h; ii) methanesuiphonic anhydride, 
DIPEA, DCM, -70°C, 3 h; iii) DCM, -70°C, 1.5 h. 
Scheme 65 
At this stage we became aware of the work of Sharpless et al. on "Click Chemistry", 80 a 
generic term for a family of simple, high yielding and atom efficient reactions that 
require only simple purification e. g. recrystallisation or distillation. Using this click 
chemistry approach Sharpless and co-workers carried out the Huisgen 1,3-dipolar 
reaction outlined in Scheme 66. The uncatalysed reaction proceeds slowly, but the rate of 
reaction is considerably increased by introduction of an enzyme, in this case 
Fe 
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acetylcholinesterase, an enzyme which plays a key role in neurotransmitter hydrolysis in 
the central and peripheral nervous system. The enzyme acts as a template to bring the 
reacting groups together in a stereospecific fashion such that the product, the syn isomer, 
HN "I-, 
223 
ý =Ns 
+ 
I 
H2N 
HN 
H2N C>--\< D/ 
o/--- =N 
7 
NH2 
\/- 
224-ýCH2)6 
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NH2 H2N 
ý 
N' iN 
N 
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Reagents and conditions: i) AChE, rt, 1.5 h 
Scheme 66 
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is preferred. This compound was found to be the most potent inhibitor of 
acetylcholinesterase yet discovered. 
For our own study we considered the use of an enzyme mimic, in this case ß- 
cyclodextrin, the macrocyclic sugar consisting of seven glucose units. Macrocycles such 
as this can be considered artificial enzymes since they can bring two reacting species into 
close proximity such that they can react. 
81 Furthermore, it was hoped that the groups 
would then be `steered' together in a stereoselective manner, thus reflecting the chirality 
of the host cavity. For example, Breslow and Rideout have shown82 that cyclodextrins 
can increase the rate of intermolecular Diels-Alder reactions (Scheme 67 and Table 8). 
In addition, these workers found that the reactions occurred with chiral discrimination, 
although this amounted to only a few percent enantiomeric excess. 
227 
NC 
228 
NC 229 
Scheme 67 
Solvent Macrocycle Rate (k2 x 105, M-1 s-1) 
2,2,4-Trimeth l entane 1.9 
Methanol 4.0 
H2O 59.3 
H2O -C clodextrin (10 mM) 537 
H2O (x-C clodextrin (5 mM) 47.9 
Table 8. Rate constants for the Diels-Alder cycloaddition between cyclopentadiene (227) 
and acrylonitrile (229) at 30°C in various solvents. 
The choice of ß-cyclodextrin is a result of the two N-protected systems chosen for this 
study, the tosyl (34f) and the benzyl (34d) (Figure 24), the expectation being that ß- 
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ß-cyclodextrin would bind strongly to these groups. The tosyl system was chosen 
because it was expected to be easy to work with, enabling facile analysis of the 
cyclisation product. The benzyl system was chosen because, from Table 2 (page 17), the 
benzyl group is a poor steric buttress for this system. Therefore, we hoped to be able to 
see a clear buttressing effect from the macrocycle. 
0 II 11 1n S-N %-i 
11 
O1ý 
34f 34d 
Figure 24 
5.2 Tosyl Series 
The tosyl acyclic precursor was synthesised in a simple, two step procedure as 
summarised in Scheme 68. Tosylation of furfurylamine under standard conditions gave 
sulphonamide (129), which was purified by recrystallisation from hot ethanol. 
Alkylation with allyl bromide in DMF then gave (34f) as a thick oil which was purified 
by passing through a plug of silica, eluting with DCM. Acyclic precursor (34f) could 
then be stored out of solution at -20°C for a prolonged period (months) with no 
observable cyclisation occurring (checked by 
1H NMR). 
Hý-N 
122 
Reagents and conditions: i) tosyl chloride, 
pyridine, it, 4 h; ii) ally) bromide, NaH, DMF, 
it, 18 H. 
I III, 
88 % 
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0 11 
S-N 
0H 
78 9/6 / ao R S-N 
Scheme 68 
v 
34f 
For the cyclisation studies (see Scheme 69) the initial choice of solvent was water, since 
the hydrophobic nature of substrate (34f) was expected to promote host-guest binding 
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with the ß-cyclodextrin in this environment. This hydrophobic effect was also expected 
to contribute to the cyclisation by forcing the two reacting centers into closer proximity, 
in an effort to minimise the surface area in contact with water. A problem was the 
insolubility of the tosyl derivative (34f) in pure water. Experiments showed that it was 
slightly soluble in mixed solvents such as aqueous DMSO. For the control system (i. e. 
tosyl compound (34f) in `aqueous' solution at the same concentration but in the absence 
of (3-cyclodextrin) the solvent system used was 10 % DMSO in water [cyclisation (34f) to 
(35f)]. This practice was an effort to ensure homogeneity of the reaction medium, 
enabling more accurate investigation of the potential solvent and solute effects. 
S-N 
II 
34f 
II 
0 ýý 
231 
35f 
230 
Scheme 69 
Extraction 
The initial cyclisation studies with ß-cyclodextrin and substrate (341) proved extremely 
promising. A shift in the NMR spectrum for the peaks associated with ß-cyclodextrin 
indicated that complexation had occurred (Figure 25) and monitoring of the 
corresponding cyclisation showed that this went to completion (> 95 % cyclisation) in 3 
hours or less at 100°C in water. 
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Figure 25. 'H NMR Spectra of (a) ß-cyclodextrin and (b) the (1: 1) ß-cyclodextrin/tosyl 
Diels-Alder precursor complex (230) in D20. 
This result is all the more interesting if Table 2 (page 17) is once again taken into 
consideration. With the tosyl sulphonamide system, in refluxing toluene, the cyclisation 
only attains an equilibrium of 80 % cyclic product after 21 hours. With this result in 
hand it then became necessary to establish in more detail the effect of the solvent medium 
on cyclisation. This was achieved by carrying out the control cyclisation, firstly in water, 
then in 10 % DMSO in water. The initial result (cyclisation in water) gave an 
equilibrium heavily in favour of the cyclic form. However, because of the 
aforementioned insolubility of tosyl compound (341) the reaction system was not 
completely homogenous and therefore the alternative solvent medium was tried. In the 
homogenous system the cyclisation went to completion (> 95 % cyclisation) in a matter 
of hours at 108°C, indicating a significant solvent effect. The 1: 1 complex (231) was 
isolated and recrystallised from water as the trihydrate (as suggested by microanalysis). 
Extraction of Diels-Alder product (351) from the ß-cyclodextrin Host-Guest system (231) 
was accomplished using DCM. In order to avoid hydrolysis of the macrocycle the DCM 
used for this extraction was passed through a column of basic alumina to remove trace 
acid. Recovery of tosylated material using a simple two-phase extraction procedure was 
poor (approximately 10-20 %). The Diels-Alder adduct, once isolated, was stable and did 
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not equilibrate to any noticeable degree. Further, (35f) could be easily recrystallised 
from warm ethanol, without significant reversion to the open form. 
5.3 Benzyl Series 
Interest in this series arose as a result of the possibility for a dramatic improvement in the 
rate and degree of cyclisation. From Table 2 (page 17) it can be seen that the buttressing 
effect of the benzyl group in this series is minimal, the equilibrium point for this 
cyclisation corresponding to only 2% cyclic product in refluxing xylene. This inherently 
limited cyclisation (compared to the tosyl analogue) enabled a more in-depth study of the 
solvent and ß-cyclodextrin effects on the cyclisation since, by comparison, the cyclisation 
in the tosyl series occurs too quickly to allow a complete study. 
Synthesis of the benzyl acyclic precursor (34d) is outlined in Scheme 70. Synthesis of 
(34d) is more involved than the procedure used for the tosyl analogue (34f), owing to the 
need to avoid di-benzylation. Therefore, furfurylamine was initially protected as amide 
(123) using trifluoroacetic anhydride. Subsequent alkylation with allyl bromide 
proceeded cleanly to give amide (232), which underwent facile hydrolysis to amine (214) 
using potassium carbonate/methanol. Formation of benzyl compound (34d) was then 
easily accomplished and the compound purified by filtering through a pad of silica, 
eluting with DCM. Once again the Diels-Alder precursor could be stored indefinitely at 
-20°C with no observable cyclisation occurring. 
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18 h; iii) K2CO3, MeOH, rt, 19 h; iv) benzyl bromide, Et3N, DCM, rt, 22 h. 
Scheme 70 
Cyclisation (Scheme 71) was studied in the presence and absence of ß-cyclodextrin with 
a solvent system of 10 % DMSO in water. This solvent system ensured that at the chosen 
temperature (90°C) both systems were homogenous. Full details of the experimental 
procedure can be found in the experimental section. Cyclisation was monitored by 1H 
NMR at 10 minute intervals and this showed that cyclisation in the presence of ß- 
cyclodextrin occurred more quickly than in its absence (see Figure 26). 
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The cyclisation was repeated on a gram scale in the presence of ß-cyclodextrin in order to 
obtain the complex (234) and also the free Diels-Alder product (35d) for characterisation 
and further study. Therefore, complex (233) was refluxed for 8 hours in water, after 
which time 1H NMR showed that the reaction had gone to completion. Isolation of the 
complex was straightforward since, as in the tosyl series, the complex could be 
recrystallised from water. Once again the isolated 1: 1 complex (234) was hydrated, with 
microanalysis suggesting the complex was present as the trihydrate. This result was 
obtained despite prolonged drying in vacuo in the presence of phosphorus pentoxide. 
Extraction of (35d) with DCM (purified by passing through a column of basic alumina) 
gave the benzylated compound (35d) as an oil. This was purified further by filtering 
through a pad of neutral silica, eluting with DCM. Unfortunately, despite carrying out 
this entire procedure in prompt fashion and ensuring that the maximum temperature to 
101 
Chiral Steric Buttressing Chapter 5 
which the sample was exposed to was room temperature, the 
1H NMR spectrum of the 
purified extract showed a mixture of cyclic (35d) and acyclic (34d) products (ca. 70: 30) 
i. e. the cyclic form was reverting back to the acyclic form in the absence of water! 
5.4 Chirality Studies 
As stated at the start of this chapter, the primary reason for carrying out this work was to 
investigate the potential for chiral selectivity. Analysis of the optical activity was first 
investigated using polarimetry. For the tosyl series this showed, as expected, that the 
material isolated from the control cyclisation (i. e. cyclisation in the absence of ß- 
cyclodextrin) was optically inactive (recall that although there are three chiral centres 
(see Scheme 63) ring constraints dictate that there can only be variation in the 
configuration of one of these centres). 
Analysis of the optical activity for the ß-cyclodextrin promoted cyclisation is summarised 
in Table 9. The cyclisation was carried out for different lengths of time to investigate the 
impact of reaction duration on the observed optical activity. The potential for this factor 
to have a bearing on the optical activity arises as a result of the nature of the reaction 
being investigated. As previously stated, this system exists as an equilibrating mixture of 
the cyclic and acyclic forms. In the case of the ß-cyclodextrin catalysed cyclisations, the 
equilibrium is heavily in favour of the cyclic form (>99: 1). However, regardless of the 
proportion of cyclic to acyclic material, the simple fact that a process of reaction 
followed by retro-reaction followed by reaction is occurring can lead to variation in the 
optical activity of the sample with time. 
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Time at Reflux (hours) Optical Rotation a D2s 
3 -2.17 
22 +1.06 
24 +1.49 
48 -3.87 
Table 9. Optical activity of isolated samples of tosyl derivative (35f) after extraction and 
purification to constant optical rotation. 
The results from Table 9 are mixed with respect to the observed optical activity. The two 
results indicating negative optical rotation are considered the correct readings and the 
positive readings for the samples from the 22 and 24 hour timecourses are thought to be 
anomalous. The probable cause of this is residual ß-cyclodextrin (dextrorotatory) 
contaminating the samples. For the tosyl series the cyclic product was repeatedly 
recrystallised until consistent polarimetry readings were obtained (ca. 5 recrystallisations 
from ethanol). Therefore, it is likely that when a larger volume of solvent was used to 
recrystallise the samples the residual ß-cyclodextrin remained in solution, but when a 
smaller volume of solvent was employed the ß-cyclodextrin also precipitated. Likewise, 
the results for the other two cyclisations (3 and 48 hour timecourse) are also potentially 
inaccurate because of the potential contamination by residual ß-cyclodextrin. In the 
benzyl series, the optical activity of (35d) was measured as [a]D25 = -0.51. Cyclic 
product (35d) was purified by filtering through a pad of silica (after extraction and 
drying), eluting with DCM. Residual ß-cyclodextrin would not be expected to elute 
under these conditions and therefore this sample can be considered free of contamination 
by the macrocycle. Given the lability (i. e. equilibration) inherent in this system, this 
result can therefore be considered accurate, at least in terms of the direction of optical 
rotation. Ultimately, these considerations mean that no firm conclusions can be made 
with regards to the impact of reaction duration on the observed optical activity for (35f). 
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The degree of chiral selectivity was then studied by 1H NMR spectroscopy. Since 
enantiomers are equivalent in an NMR spectrum, a chiral shift reagent was used. This 
technique works by forming a transient complex with the two enantiomers to give two 
diastereomers, which are not chemically equivalent and hence have different chemical 
shifts. These can then be observed in the NMR spectrum generated and integration of the 
relevant peaks will give an estimate of the enantiomeric ratio. 
For our study the lanthanide shift reagent Europium(III) tris[3- 
(trifluoromethylhydroxymethylene)-d-camphorate] (Eu(tfc)3) was chosen. 83 This reagent 
was expected to complex with the bridging ether oxygen to form two diastereomeric 
complexes. The 11-1 NMR spectra obtained in these studies are shown in Figure 28. The 
peak of prime interest in the current study is the one at ca. 5 ppm, corresponding to Hb 
(Figure 27). From Figure 28, in the first (top left) spectrum (Figure 28a) this proton 
appears as a doublet (expanded in Figure 28b). On adding the lanthanide shift reagent 
this peak begins to separate, becoming what appears to be a triplet, but is actually two 
overlapping doublets Figure 28c). As the proportion of shift reagent is increased the two 
doublets become more visible (Figure 28d-e). Finally, at 400 mol. % shift reagent 
loading the two doublets are clearly visible (Figure 28f). The high shift reagent loading 
is probably a result of the poor complexing ability of the ether oxygen, which is not as 
basic as, for example, a carbonyl oxygen. This poor complexing ability is translated into 
a situation whereby the equilibrium favours the uncomplexed form. In the event, the pair 
of enantiomeric signals showed similar integrals, indicating no dramatic enantiomeric 
excess to be found. 
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Figure 28. 'H NMR spectra used to study the chiral selectivity in the Diels-Alder product 
(351). The values quoted are % molar equivalents of shift reagent. 
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5.5 Discussion 
The first conclusion that can be drawn from the results obtained is that ß-cyclodextrin 
does promote Diels-Alder cyclisation, at least in aqueous media. This is over and above 
a significant rate enhancement on switching from an organic solvent to an aqueous 
system. This effect is not easily observed in the tosyl series because the greater steric 
buttressing effect of the sulphonamide (compared to the benzyl group) means that 
cyclisation in this series occurs relatively rapidly. This difference in buttressing ability is 
taken advantage of in the benzyl series, where both the slower rate of cyclisation and the 
alteration in the position of equilibrium, enables observation of the catalytic effect of the 
ß-cyclodextrin. 
Notwithstanding the impact of the ß-cyclodextrin on the rate of cyclisation, the observed 
change in position of equilibration on changing from an organic solvent (e. g. toluene or 
xylene) to an aqueous solvent system is considerable (Table 10). 
Entry Solvent Conditions Open: C clic 
34f Toluene 110°C, 21 h 20: 80 
34f 10 % DMSO/Water 108°C, 3h >1: 99 
34f Water 100°C, 2.5 h, -CD >1: 99 
34d Xylene 135°C, 60 h 2: 98 
34d Water 100°C, 8 h, ß-CD >1: 99 
Table 10. Comparison of the cyclisation conditions for (34d) and (34f) in various solvent 
systems. 
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This dramatic solvent effect can be explained by considering the unique properties of 
water as a solvent; which are dominated by its ability to form an extensive hydrogen 
bonding network. 84 The result of this is that water has a high cohesive energy density 
(550.2 cal/cm3), which means that in the presence of dilute non-polar solutes, water 
molecules prefer to interact with one another. 85 Therefore, in dilute solution water 
molecules form a hydration shell around a non-polar substrate (Figure 29a). Contraction 
of this hydrophobic shell (e. g. through cyclisation) results in an entropic gain for the 
system since water molecules are released from their ordered state86 (Figure 29b). The 
preference for water to form an extended hydrogen bonding network is also a factor in 
hydrophobic interactions (Figure 30). 
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Another consequence of the preference for water molecules to interact with one another 
is that the internal pressure of water can also influence the rate of cyclisation. 85 
Pericyclic reactions such as the Diels-Alder reaction generally proceed with a decrease in 
partial molal volume. This decrease, known as the volume of activation (AV*), is often 
large for Diels-Alder reactions (between -20 and -45 cm3/mol). Therefore, reactions of 
this type are susceptible to changes in pressure since increasing pressure decreases AV* 
and results in rate acceleration. 
87 Furthermore, unlike increasing temperature, increasing 
pressure only works on the forward, i. e. ring closing reaction. A comparison can 
therefore be made between increasing pressure and carrying out a reaction under aqueous 
conditions, where the internal pressure of the water acts on the volume of activation in a 
similar fashion. This effect may explain why we observe the equilibrium for the tosyl 
and benzyl series in aqueous solution to be heavily in favour of the cyclic form. 
The unimolecular nature of the cyclisation studied is the probable explanation for the 
observed absence of any meaningful chiral selectivity. For an intramolecular cyclisation 
such as (34d) to (35d), or (34f) to (35f), a certain amount of preorganisation has already 
occurred by virtue of the two reacting centres being tethered to the same central atom. If 
the two reacting centres are preorganised, at least to a certain extent, then this limits the 
extent to which ß-cyclodextrin can influence the orientation of these reacting centres. In 
addition, if, as in the current investigation, those reacting centres are on the periphery 
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of the ß-cyclodextrin system, then the opportunity for influencing orientation is further 
diminished. 
Having completed this area of work we became aware of related studies by Sternbach 88 
and De Clercq89 involving intramolecular Diels-Alder reactions catalysed by ß- 
cyclodextrin. The studies by Sternbach are perhaps of greater relevance and would 
appear to be in agreement with our own results. In the first instance Sternbach and 
Rossana studied the IMDA reaction of the dithiane buttressed furan (235) (Scheme 72), 
the results of which are summarised in Table 11. 
235 
89°C 
6h HO 
236 
+ 
237 
Scheme 72 
Solvent Catalyst (equiv. ) Yield (236) + (237) after 6h 
reflux 
Water 20 
Water a-C clodextrin (1.0) 25 
Water -C clodextrin (0.5) 69 
Water -C dextrin (1.0) 91 
Water Brij-35 (1.0) 22 
Table 11. Variation in the yield for the IMDA cyclisation of furan (235). 
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These results show that ß-cyclodextrin does promote cyclisation over and above any 
hydrophobic effect resulting from the water. Interestingly, a-cyclodextrin does not 
significantly promote cyclisation, presumably because it can also complex with the furan 
ring, thus retarding reaction. Also, in this study it is not clear if the ß-cyclodextrin is 
forming a complex with the dithiane moeity (Figure 31 a), or an inclusion complex with 
the two reacting centres (Figure 3lb). Finally, no chiral selectivity was observed for this 
cyclisation. 
(a) 
Figure 31 
(b) 
Sternbach and co-workers88 also studied a system very similar to our own (Scheme 73). 
Once again ß-cyclodextrin was shown to increase the rate of cyclisation. However, the 
possible influence of electronic effects on this aniline derived system cannot be ignored. 
II 
Scheme 73 
0 
---0\/ 
238 239 
110 
Chiral Steric Buttressing Chapter 5 
De Clercq et al. 89 have used ß-cyclodextrin to promote an IMDA reaction in the synthesis 
of the gibberellin natural products (Scheme 74). However, again it is not clear which 
portion of (240) interacts with ß-cyclodextrin in the cyclisation step. 
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Reagents and conditions: i) ß-cyclodextrin, H2O, 90°C, 90 h 
Scheme 74 242 
5.6 Summary 
The potential of ß-cyclodextrin to promote IMDA reactions in aqueous solution has been 
demonstrated and this is in agreement with other similar studies. This is in addition to a 
significant solvent effect on changing from an organic solvent to aqueous solution. 
Sternbach et al. 90 and Jung9 (Scheme 1, page 7) have also observed a solvent effect in 
similar furan IMDA systems. However, in both cases substitution meant that, as a whole, 
each system was more activated than our own. Specifically, substitution resulted in 
greater dipolar character in the dienophile and more opportunities for hydrogen bonding 
interactions with the solvent. 
The solvent effect can be rationalised by taking into consideration the unique properties 
of water which create a hydrophobic effect with non-polar solutes. The lack of chiral 
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selectivity is a result of the inherent preorganisation of the intramolecular cyclisation. In 
addition, the reactive groups are at the edge of the ß-cyclodextrin system, with the result 
that the ability of the macrocycle to influence orientation is reduced. 
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6.1 Introduction 
The experimental section is divided into two parts; the first part dealing with the 
synthesis of the various intermediates encountered during the thesis. The second part of 
this chapter contains the procedures used for the cyclisations carried out. Throughout this 
chapter the compounds are arranged in numerical order as they appear in the main body 
of the thesis. 
6.2 General Details 
1H NMR Spectra were recorded on a Bruker DPX 250 MHz, Bruker AM300, Bruker 
DPX 400 MHz or a Bruker DRX 500 MHz spectrometer in deuteriochloroform with 
tetramethylsilane as internal reference unless otherwise stated. Coupling constants are 
quoted in Hz and chemical shifts are in ppm. 13C NMR Spectra were recorded on a JEOL 
GSX 270 MHz spectrometer operating at 67.80 MHz. Due to the difficulty in assigning 
the peaks split in the phosphorus containing spectra, the aromatic regions of these spectra 
are quoted separately and no coupling constants are given. Infra-red spectra were run on 
a Perkin-Elmer 2000 spectrometer as either liquid films or Nujol mulls. Merck silica gel 
(60µ) was used for column chromatography. Thin layer chromatography was carried out 
on neutral silica plates (Merck GF60A, 0.25 mm). Solvent ratios refer to volumes prior 
to mixing. Dry ice/acetone was used to bring reaction temperatures down to ca. -70°C 
and all temperatures referred to are internal. Dry THF, diethyl ether and toluene were 
distilled in the presence of sodium-benzophenone. Dry DCM and acetonitrile were 
distilled in the presence of calcium hydride. Dry DMF, methanol and 
diisopropylethylamine were purchased from Aldrich and used without further 
purification. Triethylamine and pyridine were dried over potassium hydroxide pellets. 
The xylene used as general solvent was distilled and stored over 4A molecular sieves. 
Imidazole was recrystallised from DCM, DMAP from toluene and p-toluenesulphonyl 
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chloride from hot light pet. ether. Organic extracts were dried using anhydrous sodium 
sulphate. Weights of sodium hydride quoted are those of the solution in mineral oil (60 % 
w/w) which was then washed with hexane and dried under high vacuum prior to use. 
6.3 Part A. Synthesis of Intermediates 
N-(A11y1)-N-(benzyl)-2-furfurylamine20 (34d) 
// 
0 
ýý 
To a solution of N-(allyl)-2-furfurylamine (214) (2.91 g, 21.2 mmol) in dry DCM (10 
cm3) was added triethylamine (2.57 g, 25.4 mmol) and benzyl bromide (4.28 g, 25.4 
mmol). The golden yellow solution was then stirred under nitrogen in a foil-wrapped 
flask for 18 h, after which the solution was washed with saturated aqueous sodium 
hydrogen carbonate solution (2 x 25 cm3) and water (1 x 20 cm3) before drying, filtering 
and evaporating to dryness. The brown oil thus obtained was then passed through silica 
gel, eluting with diethyl ether, to give the amine as an orange oil (3.61 g, 75.6 %); 
v, ax(thin 
film/CHC13)/cm' : 3065,3028,3006 (C-H aromatic), 2925 (C-H aliphatic), 
1643 (C=C alkene), 1378 (C-N amine); SH(500 MHz; CDC13) 3.19 (2 H, d, J 6.3, N- 
CH2), 3.70 (2 H, s, N-CH2), 3.75 (2 H, s, N-CH2), 5.22-5.29 (2 H, m, HC=CH2), 5.88- 
5.96 (1 H, m, CH=CH2), 6.25 (1 H, d, J2.6,3-furyl H), 6.34 (1 H, dd, J 1.8 and 2.6,4- 
furyl H), 7.24 (1 H, d, J 1.8,5-furyl H), 7.31-7.41 (5 H, m, Ar); 6c(67.80 MHz; CDC13) 
48.1,55.7,56.9,110.7,111.6,121.4,128.4,128.8,129.1,129.9,130.2,131.8,143.3; m/z 
(CI) 228 (MH+). 
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N-(Allyl)-N-(4-toluenesulphonyl)-2-furfurylamine20 (34f) 
Sodium hydride (0.70 g, 17.5 mmol) was suspended in dry DMF (30 cm3) and N-(4- 
toluenesulphonyl)-2-furfurylamine (129) (3.98 g, 15.9 mmol) in dry DMF (10 cm) was 
cautiously added. The resulting mixture was stirred under nitrogen for 1 h, becoming 
homogenous. Allyl bromide (2.52 g, 1.0 mmol) was then added and the solution stirred 
under nitrogen for 20 h. The reaction was then quenched by pouring onto water (150 cm3) 
and extracting with DCM (2 x 40 cm3). The organic fractions were combined and bulk 
solvent removed in vacuo, then redissolved in diethyl ether (30 cm3) and washed with 
saturated sodium hydrogen carbonate solution (2 x 25 cm3) and water (2 x 25 cm3) then 
dried, filtered and evaporated to dryness. The residue thus obtained was passed through 
silica, eluting with DCM, to afford the title sulphonamide as a pale yellow oil (3.62 g, 
77.8 %); Vmax(thin film/DCM)/cm 1: 3084 and 3030 (C-H aromatic), 2984,2924,2867 
(C-H aliphatic), 1645 (C=C alkene), 1347 and 1160 (S(=0)2 sulphonamide); 6H(300 
MHz; CDCl3) 2.41 (3 H, s, -CH3), 3.70 (2 H, d, J 6.5, N-CH2), 4.39 (2 H, s, N-CH2), 
5.13-5.20 (2 H, m, HC=CH2), 5.59-5.70 (1 H, m, HC=CH2), 6.14 (1 H, d, J 3.1,3-furyl 
H), 6.24 (1 H, dd, J 1.8 and 3.1,4-furyl H), 7.24 (1 H, d, J 1.8,5-furyl H), 7.32 (2 H, d, J 
8.1, Ar), 7.65 (2 H, d, J 8.1, Ar); 8, (67.80 MHz; CDC13) 21.7,42.9,49.9,109.7,110.5, 
119.4,127.5,129.7,132.7,137.4,142.6,143.4,149.9; m/z (CI) 292 (MH+). 
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N-(Trifluoroacetyl)-2-furfurylamine (123) 
OO 
C)/r 
HN4 
CF3 
To a solution of 2-furfurylamine (122) (8.01 g, 82.5 mmol) in dry diethyl ether (40 cm3) 
was added triethylamine (12.45 g, 123.0 mmol). The resulting orange solution was then 
cooled to 4°C under argon and trifluoroacetic anhydride (19.03 g, 90.6 mmol) added 
dropwise over 30 min. The solution was then stirred under argon for 2 h, allowing to 
warm to room temperature. Bulk solvent was then removed in vacuo and the sample 
redissolved in diethyl ether (30 cm3) and washed with saturated aqueous sodium 
hydrogen carbonate solution (2 x 30 cm3), 3% aqueous ammonium chloride solution (2 x 
15 cm), saturated brine (1 x 30 cm3) and water (1 x 30 cm3), before drying, filtering and 
evaporating to dryness. The dark brown liquid thus obtained was filtered through a pad 
of silica, eluting with diethyl ether, to give the title compound as an orange oil (15.42 g, 
96.8 %); Vmax(thin film/DCM)/cm' : 3306 (N-H amide), 2923 (C-H aliphatic), 1712 (C=O 
amide), 1562 (N-H amide II), 1171 (C-F); 8H(300 MHz; CDC13) 4.53 (2 H, d, J 5.3, N- 
CH2), 6.32 (1 H, d, J 3.1,3-furyl H), 6.36 (1 H, dd, J 1.9 and 3.1,4-furyl H), 6.71 (1 H, 
br s, NH), 7.41 (1 H, d, J 1.9,5-furyl H); &(67.80 MHz; CDC13) 36.5,108.7,110.6, 
115.0, (q, J 286.9) 143.0,149.0,157.3 (q, J 37.3). 
N-(3-Methylbut-2-enyl)-N-(trifluoroacetyl)-2-furfurylamine (124) 
00 
CF3 
I 
To a solution of N-(trifluoroacetyl)-2-furfurylamine (123) (12.07 g, 62.5 mmol) in dry 
DMF (40 cm) was added sodium hydride (2.98 g, 74.6 mmol). The resulting mixture 
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was stirred under nitrogen for Ih then 1-bromo-3-methylbut-2-ene (12.01 g, 80.6 mmol) 
added dropwise over 20 min and the mixture stirred under nitrogen for 16 h. The 
reaction was then quenched by pouring onto ice water (400 cm3) and the product 
extracted with diethyl ether (3 x 100 cm3). The combined organic fractions were reduced 
in vacuo to a residue and redissolved in diethyl ether (30 cm) then washed with water (3 
x 50 cm3), dried, filtered and solvent removed under reduced pressure to afford a yellow 
liquid (15.32 g, 93.5 %); Vmax(thin film/DCM)/cm': 2976 and 2935 (C-H aliphatic), 1694 
(C=O amide), 1199 and 1147 (C-F str., -CF3); 6H(300 MHz; CDC13) 1.67-1.77 (6 H, m, 2 
x -CH3), 4.01 (2 H, d, J 7.0, N-CH2), 4.51 
(2 H, s, N-CH2), 5.07-5.10 (1 H, m, HC=C), 
6.30-6.36 (2 H, m, 3-furyl H and 4-furyl H), 7.36-7.39 (1 H, m, 5-furyl H). 
N-(3-Methylbut-2-enyl)-2-furfurylamine (125) 
Chj'ýý 
NH 
II 
0 
ýý 
To a solution of N-(3-methylbut-2-enyl)-N-(trifluoroacetyl)-2-furfurylamine (124) (15.13 
g, 57.7 mmol) in methanol (80 cm3) and water (3 cm) was added potassium carbonate 
(19.92 g, 144.3 mmol). The mixture was then stirred under nitrogen for 16 h after which 
time the mixture was filtered and bulk solvent was removed from the filtrate in vacuo. 
The remaining liquid was redissolved in diethyl ether (50 cm3) then washed with 
saturated aqueous sodium hydrogen carbonate (1 x 50 cm3) and water (2 x 50 cm). The 
aqueous phases were combined and further basified by addition of 2M NaOH (15 cm3) 
and washed with diethyl ether (2 x 50 cm3). The organic fractions were dried, filtered, 
combined and solvent removed in vacuo to afford the title amine as an orange liquid 
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(8.86 g, 93.1 %); Vmax(thin film/DCM)/cm-' : 3325 (N-H amine), 2969 and 2916 (C-H 
aliphatic), 1449 and 1377 (C-H aliphatic); 8H(300 MHz; CDC13) 1.36 (1 H, br s, NH), 
1.61 (3 H, s, -CH3), 1.71 (3 H, s, -CH3), 3.19 (2 H, d, J 6.9, N-CH2), 3.74 (2 H, S, N- 
CH2), 5.25 (1 H, t, J 6.9, HC=C), 6.14 (1 H, d, J 3.1,3-furyl H), 6.28 (1 H, dd, J 1.9 and 
3.1,4-furyl H), 7.32 (1 H, d, J 1.9,5-furyl H); 8c(67.80 MHz; CDC13) 17.2,25.1,44.8, 
45.6,106.5,109.7,122.2,134.3,141.3,153.5. 
N-(Triphenylmethyl)-N-(3-methylbut-2-enyl)-2-furfurylamine (126) 
To a solution of N-(3-methylbut-2-enyl)-2-furfurylamine (125) (5.05 g, 30.6 mmol) in 
dry DCM (50 cm) was added triethylamine (4.29 g, 42.4 mmol) and triphenylmethyl 
chloride (10.14 g, 36.3 mmol). The solution was refluxed under nitrogen for 24 h, and 
the solution then cooled to room temperature and stirred for a further 48 h, after which 
the solution was washed with saturated aqueous sodium hydrogen carbonate solution (3 x 
50 cm3) and water (1 x 50 cm) , dried, 
filtered and evaporated to dryness to give a 
gummy solid. This was triturated with warm methanol to afford a white solid, which was 
recrystallised from hot methanol to give the title trityl amine (6.47 g, 52.5 %), mp 134- 
135°C; (Found: C, 85.4; H, 7.2; N, 3.3. C29H29NO requires C, 85.5; H, 7.2; N, 3.4 %); 
v,,, aX(thin film/DCM)/cm'': 3057 (C-H aromatic), 2982,2881,2839 (C-H aliphatic), 1317 
(C-N amine), 1446 and 1376 (C-H aliphatic); 8H(300 MHz; CDC13) 1.23 (3 H, s, -CH3), 
1.41 (3 H, s, -CH3), 2.92 (2 H, d, J 6.0, N-CH2), 3.40 (2 H, s, N-CH2), 4.85 (1 H, t, J 6.0, 
HC=C), 6.03 (1 H, d, J 3.1,3-furyl H), 6.23 (1 H, dd, J 1.6 and 3.1,4-furyl H), 7.10-7.69 
(16 H, m, Ar and 5-furyl H). 
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N-(4-Toluenesulphonyl)-2-furfurylamine (129) 
To a solution of 2-furfurylamine (122) (10.0 g, 103.0 mmol) in dry pyridine (60 cm3) at 
0°C was added toluene-4-sulphonyl chloride (23.6 g, 123.6 mmol) and the solution 
stirred under nitrogen at 0°C for 4h before pouring onto ice water (350 cm) . The solid 
which formed was collected by filtration, washing well with cold water before 
recrystallisation from ethanol to afford the title sulphonamide as a white solid (21.5 g, 
87.9 %), mp 111-112°C; (Found: C, 57.3; H, 5.1; N, 5.4. C12H13NO3S requires C, 57.4; 
H, 5.2; N, 5.6 %); Vmax(KBr)/cm' : 3277 (N-H sulphonamide), 2961 (C-H aliphatic), 1598 
(C=C aromatic), 1322 and 1157 (S(=0)2 sulphonamide); SH(300 MHz; CDCl3) 2.42 (3 H, 
s, -CH3), 4.15 (2 H, d, J6.0, N-CH2), 4.70 (1 H, br s, NH), 6.08 (1 H, d, J3.0,3-furyl H), 
6.20 (1 H, dd, J 1.9 and 3.0,4-furyl H), 7.22 (1 H, d, J 1.9,5-furyl H), 7.28 (2 H, d, J 8.2, 
Ar), 7.71 (2 H, d, J 8.2, Ar). 
N-(3-Methylbut-2-enyl)-N-(4-toluenesulphonyl)-2-furfurylamine (130) 
O 
u N-S 
11 
0 
"'k 
N-(4-Toluenesulphonyl)-2-furfurylamine (129) (10 g, 39.8 mmol) was dissolved in dry 
DMF (50 cm3) and sodium hydride (1.75 g, 43.8 mmol) added and the mixture stirred at 
room temperature under nitrogen for Ih before adding 1-bromo-3-methylbut-2-ene (7.71 
g, 51.7 mmol) and the mixture then stirred at room temperature for a further 20 h. The 
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reaction was quenched by pouring onto ice water (600 cm3) and extracted with DCM (3 x 
100 cm3). Bulk solvent was removed from the combined organic fractions in vacuo and 
the residue remaining redissolved in diethyl ether, washed with water (3 x 50 cm) then 
dried, filtered and the solvent removed under reduced pressure to afford an orange solid. 
The product was recrystallised from petroleum ether to give the title sulphonamide as a 
white solid (6.35 g, 50.2 %), mp 48-50°C; (Found: C, 63.9; H, 6.7; N, 4.3. C17H21N03S 
requires C, 63.9; H, 6.6; N, 4.4 %); vmax(Nujol)/cm 1: 1597 (C=C aromatic), 1336 and 
1158 (S(=0)2 sulphonamide); 6H(300 MHz; CDC13) 1.56 (3 H, s, -CH3), 1.66 (3 H, s, - 
CH3), 2.39 (3 H, s, -CH3), 3.76 (2 H, d, J 7.1, N-CH2), 4.36 (2 H, s, N-CH2), 5.01 (1 H, t, 
J 7.1, HC=C), 6.12 (1 H, d, J 3.2,3-furyl H), 6.24 (1 H, dd, J 2.0 and 3.2,4-furyl H), 
7.23 (1 H, d, J 2.0,5-furyl H), 7.24 (2 H, d, J 8.3, Ar), 7.65 (2 H, d, J 8.3, Ar); 8, (67.80 
MHz; CDC13) 17.5,21.3,25.6,42.4,44.6,109.1,110.3,118.7,127.3,129.4,137.5, 
137.6,142.4,143.0,150.3. 
(1SR, 5SR, 6RS, 7RS, 8SR)-3-(Toluenesulphonyl)-5-isopropenyl-6,7-bis- 
(methoxycarbonyl)-11-oxa-3-azatricyclo[6.2.1.0]undec-9-ene (132) 
\ 
ýýRR 
II 
_ 
ýý; 
, 5-N 
u 0 
R= CO2CH3 
To a solution of trityl ene adduct (128) (0.14 g, 0.3 mmol) in ethanol (4 cm3) was added 3 
M hydrochloric acid (0.5 cm3,1.5 mmol) and the resulting solution stirred at room 
temperature for 1 h. Bulk solvent was then removed in vacuo and the residue redissolved 
in dry pyridine (5 cm3) and p-toluenesulphonyl chloride (0.1 g, 0.5 mmol) added. The 
resulting yellow solution was then stirred at room temperature under nitrogen for 16 h. 
The solution was then poured onto ice water (50 cm3) and washed with diethyl ether (3 x 
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30 cm3), followed by DCM (2 x 30 cm3) and both organic fractions dried, filtered and 
solvent removed in vacuo. Column chromatography (neutral silica/1: 1 DCM/ethyl 
acetate) on the DCM extract gave the title sulphonamide as the second eluant, a yellow 
oil (0.08 g, 72.5 %); Vmax(thin film/DCM)/cm-1: 2952 (C-H aliphatic), 1737 (C=O ester), 
1642 (C=C alkene), 1598 (C=C aromatic), 1339 and 1168 (S(=O)2 sulphonamide); 
SH(300 MHz; CDC13) 1.80 (3 H, s, -CH3), 2.39 (1 H, d, J 12.2, CH), 2.43 (3 H, s, -CH3), 
2.68 (1 H, dd, J 3.6 and 12.2, N-CH), 3.05 (1 H, t, J 12.2, N-CH), 3.17 (1 H, d, J 4.1, 
CH), 3.48 (3 H, S. CO2CH3), 3.63 (3 H, S, CO2CH3), 3.65 (1 H, dd, J 3.6 and 13.3, N- 
CH), 4.19 (1 H, d, J 13.3, N-CH), 4.65 (1 H, s, HC=C), 4.90 (1 H, s, HC=C), 5.03 (1 H, 
dd, J 1.0 and 4.1, HCO), 6.02 (1 H, d, J 5.7, HC=C), 6.81 (1 H, dd, J 1.0 and 5.7, HC=C), 
7.32 (2 H, d, J 7.9, Ar), 7.69 (2 H, d, J 7.9, Ar); Found (FAB MS) 462.1592; 
C23H27NSO7"H+ requires 462.1586. 
A sample of product (132) (0.028 g, 0.06 mmol) in deuteriochloroform (4 cm3) was 
heated to reflux under nitrogen. Monitoring of the reaction by 1H NMR showed almost 
complete conversion of the starting material into the retro-Diels-Alder adduct (133) after 
32 h. 
N-(Triphenylmethyl)-N-(allyl)-3-methylbut-2-enylamine (138) 
To a solution of N-(allyl)-3-methylbut-2-enylamine (144) (2.04 g, 16.8 mmol) in dry 
DCM (25 cm) was added triethylamine (2.38 g, 23.6 mmol) and triphenylmethyl 
chloride (5.63 g, 20.2 mmol). The mixture was stirred at room temperature under 
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nitrogen for 80 hours then washed with saturated brine (2 x 50 cm3) and water (2 x 50 
cm3), dried, filtered and evaporated to dryness to afford a yellow gum. Trituration with 
methanol, followed by recrystallisation from hot methanol gave the title amine as a white 
solid (1.86 g, 31.6 %), mp 84-86°C; (Found: C, 88.2; H, 8.0; N, 3.7. C27H29N requires C, 
88.2; H, 8.0; N, 3.8 %); vmax(Nujol)/cm' : 3082,3057,3030 (C-H aromatic), 1641 (C=C 
vinyl), 1595 (C=C aromatic), 1318 (C-N amine); 6H(300 MHz; CDC13) 1.32 (3 H, s, - 
CH3)9 1.63 (3 H, s, -CH3), 2.93 (4 H, m, 2x N-CH2), 4.81-4.90 (2 H, m, HC=CH2), 5.36 
(1 H, t, J6.5, HC=C), 7.11-7.54 (15 H, m, Ar). 
N-(Tritluoroacetyl)allylamine91 (142) 
ýý 
H 
0 
CF3 
A solution of allylamine (11.40 g, 200.0 mmol) in dry diethyl ether (50 cm3) was cooled 
to 0°C under nitrogen and trifluoroacetic anhydride (20.0 g, 95.2 mmol) added dropwise 
over 35 minutes then stirred for a further 2 hours during which time the solution was 
allowed to warm to room temperature. Bulk solvent was removed in vacuo to leave a 
residue which was redissolved in diethyl ether (20 cm3) before washing with saturated 
aqueous sodium hydrogen carbonate solution (1 x 50 cm3) and water (2 x 50 cm), dried, 
filtered and solvent removed under reduced pressure to afford the product as a colourless 
liquid (12.39 g, 85.2 %); v,,, a,, (thin 
film/DCM)/cm 1: 2927 (C-H aliphatic), 1695 (C=O 
amide), 1204 and 1144 (C-F); &x(300 MHz; CDC13) 3.94-3.98 (2 H, m, N-CH2), 5.20 - 
5.28 (2 H, m, HC=CH2), 5.77-5.89 (1 H, m, HC=C), 7.19 (1 H, br s, NH). 
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N-(Trifluoroacetyl)-N-(allyl)-3-methylbut-2-enylamine (143) 
0 ý/ý, N --ý CF3 
Sodium hydride (1.44 g, 35.9 mmol) was added to a solution of N- 
(trifluoroacetyl)allylamine (142) (5.0g, 32.7 mmol) in dry DMF (35 cm3) and the 
resulting mixture stirred under nitrogen at room temperature for 1h before 1-bromo-3- 
methylbut-2-ene (6.33 g, 42.5 mmol) was added. The mixture was then stirred at room 
temperature under nitrogen for a further 16 h then poured onto ice water (300 cm3) and 
extracted with diethyl ether (3 x 100 cm) . 
Bulk solvent was then removed in vacuo and 
the residue remaining redissolved in diethyl ether (30 cm3) and washed with water (2 x 
50 cm3), dried, filtered and solvent removed under reduced pressure to give a colourless 
liquid (5.97 g, 82.5 %); v, Y, a,, (thin film/DCM)/cm 
1: 2927 (C-H aliphatic), 1695 (C=O 
amide), 1454 (C-N amide), 1202 and 1144 (C-F); SH(300 MHz; CDC13) 1.68-1.76 (6 H, 
m, 2x -CH3), 3.96 (4 H, m, 2x N-CH2), 5.08-5.30 (3 H, m, HC=CH2 and HC=C), 5-71- 
5.82 (HC=CH2). 
N-(Allyl)-3-methylbut-2-enylamine (144) 
--***"ýNH 
To a solution of N-(trifluoroacetyl)-N-(allyl)-3-methylbut-2-enylamine (143) (2.90 g, 
13.1 mmol) in methanol (25 cm3) and water (3 cm) was added potassium carbonate (4.53 
g, 32.8 mmol) and the resulting mixture stirred at room temperature under nitrogen for 15 
h. The mixture was then filtered and bulk solvent was removed from the filtrate in vacuo 
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and the residue remaining redissolved in diethyl ether (20 cm) then washed with water (3 
x 25 cm3). The aqueous layer was then further basified by addition of 2M sodium 
hydroxide solution (5 cm3) and washed with diethyl ether (3 x 15 cm) . 
The organic 
fractions were dried, filtered, combined and solvent removed under reduced pressure to 
afford the title amine as a colourless liquid (1.22 g, 74.3 %); Vmax(thin filmIDCM)/cm"1: 
3420 (N-H amine), 1644 (C=C alkene), 1269 (C-N amine); 6H(500 MHz; CDC13) 1.37 (1 
H, br s, NH), 1.66 (3 H, s, -CH3), 1.74 (3 H, s, -CH3), 3.31 (2 H, d, J 7.3, N-CH2), 3.33 (2 
H, d, J 6.3, N-CH2), 5.17-5.24 (2 H, m, HC=CH2), 5.29 (1 H, t, J 7.3, HC=C), 5.91-5.97 
(1 H, m, HC=CH2); ßc(67.80 MHz; CDC13) 17.8,25.5,45.9,50.5,118.1,120.2,134.3, 
136.8; m/z (CI) 126 (MH+). 
N-(Triphenylmethyl)-N-(prop-2-ynyl)-3-methylbut-2-ene (145) 
To a solution of N-(prop-2-ynyl)-3-methylbut-2-enylamine (150) (1.88 g, 15.3 mmol) in 
dry DCM (20 cm) was added triethylamine (2.42 g, 24.0 mmol) and triphenylmethyl 
chloride (5.70 g, 21.0 mmol). The resulting solution was stirred at room temperature 
under nitrogen for 72 hours then washed with saturated aqueous sodium hydrogen 
carbonate solution (3 x 50 cm3) and water (1 x 50 cm), dried, filtered and evaporated to 
dryness. The orange solid thus obtained was purified by column chromatography 
(neutral silica/DCM)-loaded using 5% triethylamine in DCM. This could be 
recrystallised from hot methanol to give the title amine as a white solid (1.93 g, 34.6 
92-93°C; (Found: C, 88.4; H, 7.5; N, 3.7. C27H27N requires C, 
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88.7; H, 7.45; N, 3.8 %); Vmax(NUjol)/cm-': 3288 (C-H alkyne), 1595 (C=C aromatic); 
SH(300 MHz; CDCl3) 1.49 (3 H, s, -CH3), 1.72 (3 H, s, -CH3), 1.90 (1 H, t, J2.4, HC=C), 
3.13 (2 H, d, J6.1, N-CH2), 3.32 (2 H, d, J2.4, N-CH2), 5.51 (1 H, t, J6.1, HC=C), 7.12- 
7.54 (15 H, m, Ar); m/z (LSIMS) 365 (M+). 
N-(Trifluoroacetyl)-3-methylbut-2-enylamine (148) 
To a solution of trifluoroacetamide (16.20 g, 143.3 mmol) in dry DMF (60 cm) was 
added sodium hydride (5.67 g, 141.5 mmol) and the resulting mixture stirred at room 
temperature under nitrogen. After 1h 1-bromo-3-methylbut-2-ene (15.82 g, 106.2 mmol) 
was added dropwise over 1h and the mixture stirred for a further 15 h under nitrogen 
before quenching with ice water (500 cm3). The product was then extracted with DCM 
(4 x 100 cm), followed by removal of bulk solvent in vacuo to leave a residue which was 
redissolved in diethyl ether (50 cm), washed with water (3 x 50 cm3), dried, filtered and 
solvent removed under reduced pressure to afford the product as a colourless oil (7.56 g, 
29.1 %); Vmax(thin film/DCM)/cm': 3306 (N-H amide), 2977 and 2921 (C-H aliphatic), 
1706 (C=O amide), 1557 (N-H amide II), 1183 (C-F); 8H(300 MHz; CDCl3) 1.68 (3 H, s, 
-CH3), 1.73 (3 H, s, -CH3), 3.89-3.93 (2 H, m, N-CH2), 5.19 (1 H, t, J 8.3), 6.60 (1 H, br 
s, NH); 6c(67.80 MHz; CDC13) 17.3,25.1,37.6,114.4, (q, J 287.3), 118.0,137.7,157.2 
(q, J 36.7); m/z (CI) 181 (M). 
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N-(Trifluoroacetyl)-N-(prop-2-ynyl)-3-methylbut-2-enylamnine (149) 
To a solution of N-(trifluoroacetyl)-3-methylbut-2-enylamine (148) (4.97 g, 27.4 mmol) 
in dry DMF (40 cm3) was added sodium hydride (1.45 g, 36.3 mmol) and the resulting 
mixture stirred at room temperature under nitrogen for 4 h. Propargyl bromide (5.10 g, 
42.9 mmol) was then added dropwise over 30 min following which the mixture was 
stirred for a further 16 h then poured onto ice water (300 cm3). Extraction with DCM (4 
x 75 cm) followed by removal of bulk solvent in vacuo gave a residue which was 
redissolved in diethyl ether (50 cm3), washed with water (3 x 60 cm) , dried, filtered and 
solevent removed under reduced pressure. Column chromatography (neutral silica/1: 1 
ethyl acetate/light pet. ether) gave the product as the second fraction, a colourless liquid 
(4.22 g, 58.3 %); v,,, a, (thin film/DCM)/cm' : 3350 (C-H alkyne), 2946 and 2833 (C-H 
aliphatic), 2046 (C=C alkyne), 1690 (C=O amide), 1206 and 1151 (C-F); 611(300 MHz; 
CDC13) 1.76 (3 H, s, -CH3), 1.83 (3 H, s, -CH3), 2.34 (1 H, t, J2.4, HC=C), 4.13 (2 H, d, 
J7.4 , 
N-CH2), 4.18 (2 H, d, J2.4, N-CH2), 5.11 (1 H, t, J 7.4, HC=C); m/z (CI) 219 
(M). 
N-(Prop-2-ynyl)-3-methylbut-2-enylamine (150) 
ýý~ NH 
To a solution of N-(prop-2-ynyl)-3-methylbut-2-enylamine (149) (4.20 g, 19.2 mmol) in 
methanol (30 cm3) and water (1 cm3) was added potassium carbonate (6.62 g, 48.0 
mmol). The resulting mixture was stirred at room temperature under nitrogen for 16 h 
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after which the mixture was filtered and bulk solvent removed from the filtrate in vacuo 
and the residue remaining redissolved in diethyl ether (50 cm3), washed with water (1 x 
50 cm3), saturated aqueous sodium hydrogen carbonate solution (1 x 50 cm3) and water 
(1 x 50 cm) . The combined aqueous fractions were then further basified by addition of 2 
M sodium hydroxide solution (30 cm3) and washed with diethyl ether (3 x 50 cm) . The 
organic fractions were dried, filtered, combined and solvent removed under reduced 
pressure to afford the title amine as a pale yellow oil (2.14 g, 91.4 %); Vmax(thin 
film/DCM)/cm 1: 3305 (N-H amine); 2971,2918,2858 (C-H aliphatic), 2106 (CSC 
alkyne), 1674 (C=C alkene), 1268 (C-N amine); 8H(300 MHz; CDC13) 1.41 (1 H, br s, 
NH), 1.68 (3 H, s, -CH3), 1.73 (3 H, s, -CH3), 2.22 (1 H, t, J 2.4, HC=C), 3.31 (2 H, d, J 
7.0, N-CH2), 3.41 (3 H, d, J 2.4, N-CH2), 5.23 (1 H, t, J 7.0, HC=C). 
Methyl (2E)-4-N-(tert-butoxycarbonyl)-N-(3-methylbut-2-enylamine)aminobut-2- 
enoate (153a) 
XQN 
Y 
CO2CH3 
To a suspension of sodium hydride (0.44 g, 10.9 mmol) in dry THE (80 cm3) was added 
methyl diethylphosphonoacetate (2.29 g, 10.9 mmol) and the resulting colourless solution 
stirred under nitrogen at room temperature. After 1h N-(tert-butoxycarbonyl)-N-(2- 
oxoethyl)-3-methylbut-2-enylamine (157a) (2.48 g, 10.9 mmol) in dry THE (80 cm) was 
added portionwise over 10 min following which the orange solution was stirred at room 
temperature under nitrogen for 3.5 h. The solution was then poured onto saturated 
aqueous sodium hydrogen carbonate solution (120 cm3) and extracted with diethyl ether 
(1 x 40 cm3) and DCM (2 x 40 cm) , 
dried, filtered and solvent removed in vacuo to give 
an orange gum. Column chromatography (neutral silica/l: 1 hexane/diethyl ether) gave 
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the title ester as the second fraction, a colourless oil (2.14 g, 70.5 %), (Found: C, 63.3; H, 
9.1; N, 4.9. C 15H25NO4requires C, 63.6; H, 8.9; N, 4.9 %); Vmax(thin film/DCM)/cm': 
2967 and 2932 (C-H aliphatic), 1728 (C=O ester), 1696 (C=O carbamate), 1271 (C-C-O 
ester), 987 (C-H def. trans alkene); 6H(300 MHz; CDC13) 1.45 (9 H, s, -C(CH3)3), 1.63 (3 
H, s, -CH3), 1.72 (3 H, s, -CH3), 3.75 (3 H, S. CO2CH3), 3.81-3.91 (4 H, in, 2x N-CH2), 
5.13 (1 H, t, J6.4, HC=C), 5.86 (1 H, d, J 15.6, HC=CH), 6.85 (1 H, dt, J 15.6 and 4.8, 
HC=CH). 
Methyl (2E)-4-N-(trifluoroacetyl)-N-(3-methylbut-2-enylamine)aminobut-2-enoate 
(153b) 
0 
)ý 
N/-'ý": 
ý-C02CH3 
F3C 
ý 
To a suspension of sodium hydride (0.02 g, 0.5 mmol) in dry THE (10 cm) was added 
methyl diethylphosphonoacetate (0.13 g, 0.5mmol) and the resulting clear solution stirred 
at room temperature under argon for I h. N-(Trifluoroacetyl)-N-(2-oxoethyl)-3- 
methylbut-2-enylamine (157b) (0.12 g, 0.5 mmol) in dry THE (5 cm) was then added 
dropwise over 10 min and the yellow solution stirred for 2.5 h after which the solution 
was poured onto water (50 cm3) and extracted with DCM (3 x 50 cm3), dried, filtered and 
solvent removed under reduced pressure. Column chromatography (neutral silica/9: 1 
hexane/ethyl acetate) gave the title ester as a yellow oil (0.078 g, 46.4 %); vnm(thin 
filmIDCM)/cm": 2954 and 2918 (C-H aliphatic), 1728 (C=O ester), 1695 (C=O amide), 
1278 (C-C-O ester), 1200 and 1145 (C-F -CF3), 974 (C-H def. trans alkene); 'H NMR 
shows a pair of rotamers (ratio 56: 44), major rotamer: SH(500 MHz; d6-DMSO) 1.64 (3 
H, s, -CH3), 1.71 (3 H, s, -CH3), 3.67 (3 H, S. CO2CH3), 4.02 (2 H, d, J 6.5, N-CH2), 
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4.09 (2 H, d, J 4.5, N-CHZ), 5.12 (1 H, t, J 6.5 HC=C), 5.90 (1 H, d, J 16.0, HC=CH), 
6.79 (1 H, dt, J 16.0 and 4.5, HC=CH); minor rotamer: SH(500 MHz; d6-DMSO) 1.64 (3 
H, s, -CH3), 1.70 (3 H, s, -CH3), 
3.68 (3 H, S, COZCH3), 3.96 (2 H, d, J 7.0, N-CH2), 4.20 
(2 H, d, J 4.5, N-CHZ), 5.14 (1 H, t, J 7.0, HC=C), 6.01 (1 H, d, J 16.0, HC=CH), 6.83 (1 
H, dt, J 16.0 and 4.5, HC=CH); mIz (CI) 279 (M+). 
Methyl (2E)-4-N-(triphenylmethyl)-N-(3-methylbut-2-enylamine)aminobut-2- 
enoate (153c) 
To a solution of N-(transmethyl-4-but-2-enoate)-3-methylbut-2-enylamine (167) (0.85 g, 
4.6 mmol) in dry DCM (15 cm) were added triethylamine (0.66 g, 6.5 mmol) and 
triphenylmethyl chloride (1.55 g, 5.6 mmol). The resulting solution was stirred under 
nitrogen at room temperature for 70 h following which the orange solution was washed 
with 3% aqueous ammonium chloride solution (2 x 20 cm), saturated sodium hydrogen 
carbonate solution (2 x 20 cm) and water (1 x 20 cm3), dried, filtered and evaporated to 
dryness under reduced pressure. Column chromatography (neutral silica/4: 1 
hexane/diethyl ether), loaded using 5% triethylamine in 4: 1 hexane/diethyl ether, 
afforded the title ester as a yellow oil (1.28 g, 64.8 %), (Found: C, 81.9; H, 7.6; N, 3.1. 
C29H31NO2 requires C, 81.85; H, 7.3; N, 3.3 %); v(thin film/DCM)/cm 1: 3084,3058, 
3031 (C-H aromatic), 2854 (C-H aliphatic), 1723 (C=O ester), 1653 (C=C alkene), 1596 
(C=C aromatic), 1271 (C-C-O ester), 984 (C-H def. trans alkene); SH(300 MHz; CDC13) 
1.29 (3 H, s, -CH3), 1.60 (3 H, s, -CH3), 2.88 (2 H, d, J 6.8, N-CH2), 3.06 (2 H, d, J 5.6, 
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N-CH2), 3.72 (3 H, S, CO2CH3), 5.34 (1 H, t, J 6.8, HC=C), 5.69 (1 H, d, J 15.7, 
HC=CH), 7.14-7.53 (16 H, m, Ar and HC=CH); m/z (CI) 426 (MH+). 
Methyl (2E)-4-N-(benzyl)-N-(3-methylbut-2-enylamine)aminobut-2-enoate (153d) 
ýC02CH3 
N 
To a solution of N-(transmethyl-4-but-2-enoate)-3-methylbut-2-enylamine (167) (0.22 g, 
1.2 mmol) in dry DCM (8 cm3) were added triethylamine (0.17 g, 1.7 mmol) and benzyl 
bromide (1.4 mmol). The resulting solution was stirred at room temperature under 
nitrogen in a foil-wrapped flask for 24 h then diluted with DCM (10 cm3) and washed 
with 3% aqueous ammonium chloride solution (2 x 10 cm3), saturated sodium hydrogen 
carbonate solution (1 x 10 cm3) and water (1 x 10 cm3), dried, filtered and solvent 
removed in vacuo to afford a yellow oil. Column chromatography (neutral silica/4: 1 
hexane/diethyl ether) gave the title ester as the second fraction, a colourless oil (0.23 g, 
70.8 %); v,,, (thin film/DCM)/cm 1: 2918 (C-H aliphatic), 1727 (C=O ester), 1667 (C=C 
alkene), 1284 (C-C-O ester), 982 (C-H def. trans alkene); SH(300 MHz; CDC13) 1.69 (3 
H, s, -CH3)5 1.84 (3 H, s, -CH3), 3.76 (3 H, S. CO2CH3), 3.96 (2 H, m, N-CH2), 4.27 (2 H, 
m, N-CH2), 5.37 (1 H, t, J 7.5, HC=C)5 6.12 (1 H, d, J 15.7, HC=CH), 6.96 (1 H, dt, J 
15.7 and 7.3, HC=CH), 7.32-7.41 (5 H, m, Ar); 8(67.80 MHz; CDC13) 18.8,26.4,50.9, 
52.3,52.4,57.0,111.8,128.8,129.6,129.8,130.5,131.0,134.6,145.2,165.1; Found (CI) 
274.1782; C»H23NO2"H+ requires 274.1802. 
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N-(tert-Butoxycarbonyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (157a) 
x 
/', NlýO O 
YN 
0 
A solution of oxalyl chloride (2.84 g, 22.4 mmol) in dry DCM (100 cm3) was cooled 
under nitrogen to -74°C and dry DMSO (3.62 g, 46.2 mmol) added 
dropwise (T < -65°C) 
over 8 min. The solution was stirred at -76°C for 20 min then N-(tert-butoxycarbonyl)- 
N-(2-hydroxyethyl)-3-methylbut-2-enylamine (166a) (3.19 g, 13.7 mmol) in dry DCM 
(80 cm) was added dropwise over 30 min (T < -65°C) and the resulting cloudy mixture 
stirred at -76°C under nitrogen for 3.5 h. After this time DIPEA (9.05 g, 70.0 mmol) was 
added dropwise over 5 min (T< -70°C) and the mixture stirred for a further 30 min before 
allowing the yellow solution to warm to room temperature then washed with 3% aqueous 
ammonium chloride solution (2 x 50 cm3), saturated aqueous sodium hydrogen carbonate 
solution (2 x 50 cm3) and water (1 x 50 cm), dried, filtered and solvent removed under 
reduced pressure to afford a yellow gum (2.76 g, 88.6 %), which was stored at -20°C 
under nitrogen and used without further purification. v,,, a, #hin film/DCM)/cm 
1: 2977 and 
2932 (C-H aliphatic), 2717 (C-H aldehyde), 1737 (C=O aldehyde), 1694 (C=O 
carbamate); 6H(250 MHz; CDC13) 1.45 (9 H, s, -C(CH3)3), 1.64 (3 H, s, -CH3), 1.72 (3 H, 
s, -CH3), 3.62-3.94 (4 H, m, 2x N-CH2), 5.14 (1 H, t, J 7.2, HC=C), 9.54 (1 H, s, HCO); 
m/z (CI) 227 (M+). 
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N-(Tritluoroacetyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (157b) 
F3C N 
I 
A solution of oxalyl chloride (0.16 g, 1.3 mmol) in dry DCM (10 cm) was cooled under 
argon to -70°C and dry DMSO (0.21 g, 2.6 mmol) was added dropwise over 10 min (T < 
-60°C) and the resulting solution stirred for 20 min before N-(trifluoroacetyl)-N-(2- 
hydroxyethyl)-3-methylbut-2-enylamine (166b) (0.16 g, 0.8 mmol) in dry DCM (10 cm3) 
was added dropwise over 20 min (T < -60°C). The resulting cloudy solution was then 
stirred at -70°C under argon for 3.5 h following which DIPEA (0.51 g, 4.0 mmol) was 
added dropwise over 5 min (T < -65°C) and the mixture stirred for a further 30 min then 
allowed to warm and at -10°C an aliquot of dry DCM (10 cm) was added. At room 
temperature the yellow solution was washed with 3% aqueous ammonium chloride 
solution (2 x 20 cm) followed by saturated aqueous sodium hydrogen carbonate solution 
(2 x 20 cm) then water (1 x 20 cm) , dried, filtered and solvent removed in vacuo to give 
a yellow gum (0.12 g, 67.6 %) which was stored at -20°C under argon and used without 
further purification. v,, a,, (thin film/CHC13)/cm'1: 2982 and 2922 (C-H aliphatic), 1690 
(C=O amide), 1202 and 1147 (C-F); 8H(400 MHz; CDC13) 1.66 (3 H, s, -CH3), 1.76 (3 H, 
s, -CH3), 4.08-4.18 (4 H, m, 2x N-CH2), 5.11 (1 H, t, J7.6, HC=C), 9.53 (1 H, s, HCO); 
m/z (CI) 222 (M-H+). 
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N-(tert-Butoxycarbonyl)-et6analamine92 (160) 
x 
O NH 
y 
0 
A solution of oxalyl chloride (3.14 g, 24.7 mmol) in dry DCM (60 cm) was cooled under 
argon to -70°C and dry DMSO (4.00 g, 51.2 mmol) carefully (T < -60°C) added. This 
solution was then stirred at -70°C for 20 min following which N-(tert-butoxycarbonyl)-N- 
(2-hydroxyethyl)carbamate (159a) (2.55 g, 15.5 mmol) in dry DCM (40 cm3) was 
carefully (T < -60°C) added over 25 min. The resulting cloudy solution was stirred at - 
70°C under argon for 3.25 h then DIPEA (10.02 g, 77.5 mmol) was added over 15 min (T 
< -65°C). The pale yellow solution was stirred for a further 30 min at -70°C then allowed 
to warm to room temperature, diluting with further dry DCM (20 cm3) at -20°C. At room 
temperature the solution was washed with 3% aqueous ammonium chloride solution (3 x 
75 cm3), saturated aqueous sodium hydrogen carbonate solution (2 x 75 cm3) and water 
(1 x 75 cm3), dried, filtered and solvent removed in vacuo to afford the title aldehyde as a 
pale yellow oil (1.61 g, 65.3 %). This was stored at -20°C under argon and used without 
further purification. Vmax(thin film/DCM)/cm 1: 2977 and 2934 (C-H aliphatic), 1704 
(C=O carbamate); 8H(250 MHz; CDC13) 1.45 (9 H, s, -C(CH3)3), 1.70 (1 H, br s, NH), 
4.07 (2 H, d, J 4.9, N-CH2), 9.65 (1 H, s, HCO). 
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N-(tert-Butoxycarbonyl)-trans-4-aminobut-2-enoic acid methyl ester 
92' 92,93 (161) 
XONCO2CH3 
H 
0 
To a suspension of sodium hydride (0.39 g, 9.7 mmol) in dry THE (40 cm3) was added 
methyl diethylphosphonoacetate (2.03 g, 9.7 mmol) and the resulting colourless solution 
stirred at room temperature under argon for 1h following which N-(tert- 
butoxycarbonyl)ethanalamine (160) (1.61 g, 9.7 mmol) in dry THE (30 cm) was added 
dropwise over 25 min. The yellow solution was then stirred at room temperature under 
argon for 5h then poured onto water (100 cm3) and extracted with DCM (4 x 50 cm3), 
dried, filtered and evaporated to dryness. Column chromatography (neutral silica/3: 1 
hexane/ethyl acetate) gave the title ester as the second fraction, a pale yellow oil (0.84 g, 
40.3 %); Vmax(thin film/DCM)/cm': 3361 (N-H carbamate), 2979 and 2933 (C-H 
aliphatic), 1723 (C=O ester), 1282 (C-C-O ester), 975 (C-H def. trans alkene); 6H(300 
MHz; CDC13) 1.45 (9 H, s, -C(CH3)3), 3.74 (3 H, S, CO2CH3), 3.90 (2 H, br s, N-CH2), 
5.94 (1 H, d, J 15.7, HC=CH), 6.91 (1 H, dt, J 15.7 and 4.9, HC=CH); m/z (EI) 215 (M+). 
N-(Trifluoroacetyl)-trans-4-aminobut-2-enoic acid methyl ester (163) 
0 
F3CýN/\C02CH3 
H 
To a solution of N-(tert-butoxycarbonyl)-4-aminobut-2-enoic acid methyl ester (161) 
(0.35 g, 1.6 mmol) in dry DCM (4.5 cm) was added trifluoroacetic acid (0.5 cm) . The 
resulting solution was stirred at room temperature under argon and further trifluoroacetic 
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acid (2.5 cm3) added after 1.5 h. Monitoring by TLC indicated that the reaction had 
reached completion after a further 30 min following which solvent was removed in 
vacuo. The sample was then redissolved in dry diethyl ether (5 cm3) and trifluoroacetic 
anhydride (0.23 g, 4.1 mmol) added followed by DIPEA (0.53 g, 4.1 mmol). The 
resulting solution was stirred under argon at room temperature for 2.5 h then washed with 
2M HCl solution (2 x 10 cm3) then water (1 x 10 cm), followed by saturated aqueous 
sodium hydrogen carbonate solution (2 x 10 cm3) and water (1 x 10 cm3), dried, filtered 
and evaporated to dryness to afford a colourless oil (0.15 g, 43.4 %); Vmax(thin 
film/DCM)/cm ': 3311 (N-H carbamate), 2923 and 2851 (C-H aliphatic), 1713 (C=O 
amide), 1563 (N-H amide II), 1283 (C-C-O ester), 1183 (C-F); SH(400 MHz; CDC13) 3.76 
(3 H, S, CO2CH3), 4.16 (2 H, br s, N-CH2), 5.97 (1 H, d, J 15.7, HC=CH), 6.88 (1 H, dt, J 
15.7 and 5.2); m/z (CI) 211 (M-H+). 
N-(tert-Butoxycarbonyl)-N-(2-tert-butyldimethylsilyloxyethyl)amine (164a) 
><QSYNH 
I 
0 
To a solution of N-(tert-butoxycarbonyl)ethanolamine (159a) (6.07 g, 37.7 mmol) in dry 
DMF (80 cm) were added imidazole (5.04 g, 75.0 mmol) and tert-butyldimethylsilyl 
chloride (6.78 g, 45.0 mmol). The resulting solution was stirred at room temperature 
under argon for 20 h then poured onto saturated aqueous sodium hydrogen carbonate 
solution (200 cm3) and washed with DCM (3 x 50 cm) . The organic fractions were 
combined and bulk solvent removed under reduced pressure to leave a residue which was 
redissolved in diethyl ether (50 cm3) and washed with water (3 x 30 cm3), dried, filtered 
and solvent removed in vacuo to afford a yellow liquid (9.82 g, 94.8 %); vmax(thin 
film/DCM)/cm 1: 3360 (N-H carbamate), 2957,2931,2885,2858 (C-H 
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aliphatic), 1704 (C=O carbamate), 1103 (SiO silyl ether); SH(300 MHz; CDC13) 0.06 (6 
H, s, 2x -CH3), 0.90 (9 H, s, -C(CH3)3), 1.45 (9 H, s, -C(CH3)3), 3.22 (2 H, t, J 
5.2, N- 
CH2), 3.65 (2 H, t, J 5.2, CH2-O), 4.85 (1 H, br s, NH); Found (CI) 276.1946; 
C13H29NO3Si"H+ requires 276.1989. 
N-(Trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxyethyl)amine (164b) 
O 
, 
ll\ 
', ', 
O, 
Si F3C 
HN1 
To a solution of 2-(hydroxyethyl)trifluoroacetamide (159b) (10.02 g, 63.8 mmol) in dry 
DMF (100 cm) were added imidazole (5.20 g, 76.4 mmol) and tert-butyldimethylsilyl 
chloride (11.51 g, 76.4 mmol). The resulting solution was stirred at room temperature 
under argon for 20 h following which the reaction was quenched by pouring onto 
saturated aqueous sodium hydrogen carbonate solution (300 cm3) and extracted with 
DCM (3 x 100 cm3). Removal of bulk solvent from the organic fraction under reduced 
pressure left a yellow liquid which was redissolved in diethyl ether (60 cm) then washed 
with water (3 x 50 cm3), dried, filtered and solvent removed in vacuo to give a pale 
yellow liquid (17.01 g, 98.4 %); vma,, (thin film/DCM)/cm 1: 3317 (N-H amide), 2956, 
2932,2887,2860 (C-H aliphatic), 1709 (C=O amide), 1259 and 1167 (C-F -CF3), 1108 
(Si-O silyl ether); SH(250 MHz; CDC13) 0.09 (6 H, s, 2x -CH3), 0.91 (9 H, s, -C(CH3)3), 
3.46-3.53 (2 H, in, N-CH2), 3.75 (2 H, t, J 5.4, CH2-O), 6.71 (1 H, br s, NH); Found (CI) 
272.1305; C1oH2ONO2SiF3"H+ requires 272.1288. 
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N-(tert-Butoxycarbonyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2- 
enylamine (165a) 
XQN°SI_ 
I 
0 
/\ 
To a suspension of sodium hydride (1.52 g, 38.0 mmol) in dry DMF was added N-(tert- 
butoxycarbonyl)-N-(2-tert-butyldimethylsilyloxyethyl)amine (164a) (9.52 g, 34.6 mmol) 
in dry DMF (10 cm) . The resulting yellow mixture was stirred at room temperature 
under argon for Ih after which 1-bromo-3-methylbut-2-ene (6.78 g, 45.5 mmol) was 
added and stirring continued. After 90 h the yellow solution was poured onto saturated 
aqueous sodium hydrogen carbonate solution (150 cm3) and washed with DCM (4 x 60 
cm3). The combined organic fractions were then reduced in vacuo to give a yellow liquid 
which was redissolved in diethyl ether (40 cm3) and washed with water (3 x 50 cm), 
dried, filtered and solvent removed under reduced pressure to afford a yellow oil (10.13 
g, 85.3 %); v. X(thin film/DCM)/cm 
1: 2957,2930,2858 (C-H aliphatic), 1698 (C=O 
carbamate), 1103 (Si-O silyl ether); 'H NMR spectrum shows broadening at room 
temperature due to the presence of fast exchanging rotamers in approximately equal (i. e. 
1: 1) ratio. 6x(500 MHz; d6-DMSO) 0.03 (6 H, s, 2x -CH3), 0.84 (9 H, s, -C(CH3)3), 1.34 
(9 H, s, -C(CH3)3), 1.57 (3 H, s, -CH3), 1.65 (3 H, s, -CH3), 3.11 (2 H, br s, N-CH2), 3.61 
(2 H, br s, CH2-O), 3.77 (2 H, br s, N-CH2), 5.08 (1 H, br s, HC=C); SH(500 MHz; d6- 
DMSO) 0.02 (6 H, s, 2x -CH3), 0.84 (9 H, s, -C(CH3)3), 1.35 (9 H, s, -C(CH3)3), 1.60 (3 
H, s, -CH3), 1.65 (3 H, s, -CH3), 3.15 (2 H, t, J6.1, N-CH2), 3.62 (2 H, t, J6.1, CH2-O), 
3.76 (2 H, d, J 6.6, N-CH2), 5.08 (1 H, t, J 6.6, HC=C); Found (EI) 343.2407; 
C18H37NO3Si requires 343.2537. 
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N-(Trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2-enylamine 
(165b) 
O 
F3C)ý N8i E 
To a suspension of sodium hydride (1.30 g, 32.5 mmol) in dry DMF (70 cm3) was added 
N-(trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxyethyl)amine (164b) (8.04 g, 29.7 
mmol) in dry DMF (10 cm3) and the resulting mixture stirred at room temperature under 
nitrogen. After 1.5 h 1-bromo-3-methylbut-2-ene (5.71 g, 38.4 mmol) was added and the 
yellow solution stirred for a further 22h. The solution was then poured onto saturated 
aqueous sodium hydrogen carbonate solution (150 cm) and the product extracted with 
DCM (3 x 40 cm) . 
The combined organic fractions were concentrated in vacuo and the 
yellow liquid remaining then redissolved in diethyl ether (50 cm3) and washed with water 
(3 x 30 cm3), dried, filtered and removal of solvent under reduced pressure to give a pale 
yellow liquid (9.02 g, 89.7 %); Vmax(thin film/DCM)/cm': 2956,2932,2886,2859 (C-H 
aliphatic), 1694 (C=O amide), 1258 and 1144 (C-F), 1114 (Si-O silyl ether); 'H NMR 
shows a pair of pair rotamers (1.5: 1 ratio) at room temperature, major rotamer: SH(500 
MHz; d6-DMSO) 0.05 (6 H, s, 2x -CH3), 0.82 (9 H, s, -C(CH3)3), 1.65 (3 H, s, 
-CH3), 1.67 (3 H, s, -CH3), 3.40 (2 H, dt, J 44.0,5.5, N-CH2), 3.71 (2 H, dt, J 26,5.5, 
CH2-O), 4.02 (2 H, dd, J 6.5,15, N-CH2), 5.09 (1 H, dd, J 6.5,15, HC=C); minor 
rotamer: 8H(500 MHz; d6-DMSO) 0.04 (6 H, s, 2x -CH3), 0.86 (9 H. s, -C(CH3)3), 1.70 
(3 H, s, -CH3), 1.72 (3 H, s, -CH3), 2.96 (2 H, dt, J 25.0,5.5, N-CH2), 3.55 (2 H, dd, J 5.0, 
25.0, CH2-O), 3.73 (2 H, dd, J 3,7.5, N-CH2), 5.22 (1 H, dd, J 1.5,3, HC=C); Found (CI) 
340.1900; C15H28NO2SiF3"H+ requires 340.1914. 
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N-(tert-Butoxycarbonyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (166a) 
XO 
N /^,, /OH 
15\ 
To a solution of N-(tert-butoxycarbonyl)-N-(2-tert-butyldimethylsilyloxyethy)-3- 
methylbut-2-enylamine (165a) (8.90 g, 25.9 mmol) in dry THE (50 cm3) was added 
TBAF solution (1.0 M in THF, 31.4 cm3,31.4 mmol). The resulting orange solution was 
then stirred at room temperature under argon for 3h following which bulk solvent was 
removed under reduced pressure and the residue remaining redissolved in DCM (25 cm) 
and washed with water (3 x 25 cm3), dried, filtered and evaporated to dryness under 
reduced pressure. Column chromatography (neutral silica/diethyl ether) gave the title 
alcohol as the second fraction, a colourless oil (3.41 g, 57.5 %); 
v, ax(thin film/CHCl3)/cm1: 
3427 (OH alcohol), 2975 and 2932 (C-H aliphatic), 1667 
(C=O carbamate), 1051 (C-O alcohol); 1H NMR spectrum shows broadening at room 
temperature due to the presence of fast exchanging rotamers in approximately equal (i. e. 
1: 1) ratio. 8H(500 MHz; d6-DMSO) 1.39 (9 H, s, -C(CH3)3), 1.64 (3 H, s, -CH3), 1.69 (3 
H, s, -CH3), 3.12 (2 H, br s, N-CH2), 3.44 (2 H, br s, CH2-O), 3.79 (2 H, br s, N-CH2), 
4.64 (1 H, br s, OH), 5.11 (1 H, m, HC=C); 8H(500 MHz; d6-DMSO; 353 K) 1.40 (9 H, s, 
-C(CH3)3), 1.64 (3 H, s, -CH3), 1.69 (3 H, s, -CH3), 3.16 (2 H, t, J 6.4, N-CH2), 3.46 (2 H, 
t, J 6.4, CH2-O), 3.79 (2 H, d, J 6.8, N-CH2), 4.29 (1 H, br s, OH), 5.13 (1 H, t, J 6.8, 
HC=C); Found (EI) 229.16406; C12H23NO3 requires 229.1672. 
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N-(Tritluoroacetyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (166b) 
0 
F3C 
To a solution of N-(trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2- 
enylamine (165b) (1.02 g, 3.0 mmol) in dry THE (3.5 cm3) was added TBAF (1.0 M in 
THF, 3.6 cm3,3.6 mmol) and the resulting solution stirred at room temperature under 
argon for 40 min. Bulk solvent was then removed in vacuo and the residue remaining 
redissolved in DCM (10 cm3) and washed with water (3 x 10 cm) , 
dried, filtered and 
solvent removed under reduced pressure. Column chromatography (neutral silica/5: 1 
hexane/ethyl acetate) gave, as the first fraction silylated by-product and the title alcohol 
as the second fraction, a colourless oil (0.27 g, 42.3 %); Vmax(thin film/DCM)/cm' : 3408 
(OH alcohol), 2856 (C-H aliphatic), 1678 (C=O amide), 1204 and 1138 (C-F), 1082 (C-O 
alcohol); SH(500 MHz; d6-DMSO) 1.68 (3 H, s, -CH3), 1.75 (3 H, s, -CH3), 2.95 (2 H, t, J 
5.3, N-CH2), 3.55 (2 H, d, J7.4, N-CH2), 3.63 (2 H, dt, J4.4 and 5.3, CH2-O), 5.23 (1 H, 
t, J 7.4, HC=C), 5.28 (1 H, t, J 4.4, OH). 
N-(3-methylbut-2-enyl)-trans-4-aminobut-2-enoic acid methyl ester (167) 
HN/ý\C02CH3 
{ ýý 
To a solution of N-(tert-butoxycarbonyl)-N-(trans-methyl-4-but-2-enoate)-3-methylbut- 
2-enylamine (153a) (0.61 g, 2.2 mmol) in dry DCM (4 cm) was added trifluoroacetic 
acid (2.97 g, 26.0 mmol). The resulting solution was stirred at room temperature under 
nitrogen for 2.5 h after which time monitoring by TLC suggested that reaction was 
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complete. The solution was diluted with further DCM (6 cm), washed with brine (1 x 10 
cm3), water (1 x 10 cm3), saturated aqueous sodium hydrogen carbonate solution (2 x 10 
cm3) and water (1 x 10 cm3), dried, filtered and solvent removed in vacuo. Filtering 
through a pad of silica, eluting with DCM gave the title ester as a yellow oil (0.26 g, 65.9 
%); vmax(thin film/DCM)/cm 1: 3391 (N-H amine), 2918 (C-H aliphatic), 1725 (C=O 
ester), 1661 (C=C alkene), 1273 (C-C-O ester); 6H(400 MHz; CDC13) 1.58 (1 H, br s, 
NH), 1.65 (3 H, s, -CH3), 1.73 (3 H, s, -CH3), 3.22 (2 H, d, J 7.0, N-CH2), 3.41 (2 H, d, J 
8.7, N-CH2), 5.24 (1 H, t, J 8.7, HC=C), 5.99 (1 H, d, J 19.7, HC=CH), 7.00 (1 H, dt, J 
19.7 and 7.0); Found (CI) 182.1160; C10H16NO2(-H+) requires 182.1176. 
N-(Triphenylmethyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (170a) 
A solution of oxalyl chloride (0.55 g, 4.3 mmol) in dry DCM (20 cm3) was cooled to 
-76°C under argon and dry DMSO (0.69 g, 8.9 mmol) was added dropwise (T <-65°C) 
over 8 min. The resulting solution was stirred at -76°C under argon for 30 min then N- 
(triphenylmethyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (175a) (0.98 g, 2.6 
mmol) in dry DCM (20 cm3) was added dropwise over 25 min (T <- 65°C) and the 
resulting solution stirred under argon at -74°C for 3.25 h. Following this DIPEA (1.74 g, 
13.5 mmol) was added dropwise (T < -65°C) over 5 min and the solution stirred for a 
further 30 min then allowed to warm to room temperature. The solution was then washed 
with 3% aqueous ammonium chloride solution (2 x 25 cm3), saturated aqueous sodium 
141 
Experimental Chapter 6 
hydrogen carbonate solution (2 x 25 cm3), saturated brine (1 x 25 cm3) and water (1 x 25 
cm3) before drying, filtering and removal of solvent under reduced pressure to afford a 
yellow residue (0.72 g, 73.9 %) which was stored at -20°C and used without further 
purification. vmax(thin film/DCM)/cm 1: 3058 and 3032 (C-H aromatic), 2929 and 2858 
(C-H aliphatic), 1721 (C=O aldehyde), 1659 (C=C alkene), 1597 (C=C aromatic); 6H(300 
MHz; CDC13) 1.27 (3 H, s, -CH3), 1.59 (3 H, s, -CH3), 2.80 (2 H, d, J 7.6, N-CH2), 2.92 
(2 H, d, J 1.1, N-CH2), 5.43 (1 H, t, J7.6, HC=C), 7.15-7.59 (15 H, m, Ar), 9.88 (1 H, t, J 
1.1, HCO). 
N-(Diphenylphosphinoyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (170b) 
A solution of oxalyl chloride (0.49 g, 3.9 mmol) in dry DCM (50 cm3) was cooled under 
argon to -73°C and dry DMSO (0.63 g, 8.0 mmol) added dropwise over 10 min (T < 
-65°C). The resulting solution was stirred under argon at -73°C for 20 min following 
which N-(diphenylphosphinoyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (175b) 
(0.81 g, 2.5 mmol) in dry DCM (30 cm3) was added dropwise (T < -60°C) over 20 min. 
The resulting mixture was then stirred under argon at -74°C for 2.75 h after which 
DIPEA (1.57 g, 12.2 mmol) was cautiously added (T <--60°C) and the solution stirred 
for a further 30 min then allowed to warm to room temperature. The solution was then 
washed with 3% aqueous ammonium chloride solution (2 x 20 cm3), saturated aqueous 
sodium hydrogen carbonate solution (2 x 30 cm3) and water (1 x 30 cm3), dried, filtered 
and solvent removed in vacuo to give a yellow oil (0.74 g, 92.0 %) which was stored at 
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-20°C and used without 
further purification. Vmax(thin film/DCM)/cm-' : 3059 (C-H 
aromatic), 2972 and 2931 (C-H aliphatic), 2715 (C-H aldehyde), 1727 (C=O aldehyde), 
1439 (P-Ph), 1188 (P=O); 6H(300 MHz; CDC13) 1.49 (3 H, s, -CH3), 1.69 (3 H, s, -CH3), 
3.59-3.70 (4 H, m, 2x N-CH2), 5.17 (1 H, t, J 7.4), 7.40-7.93 (10 H, m, Ar), 9.80 (1 H, s, 
HCO); 8, (67.80 MHz; CDC13; splitting to 31P observed for adjacent carbons) 17.6,25.7, 
45.6,55.4,120.7,200.6, (Aromatic region: 128.5 (2 signals), 128.6,128.7,128.9,130.4, 
131.7,131.8,131.9,132.2 (2 signals), 132.4 (2 signals), 132.6 (2 signals), 138.4); Found 
(EI) 328.1443; C19H22NP02"H+ requires 328.1461. 
N-(2-tert-Butyldimethylsilyloxyethyl)-3-methylbut-2-enylamine (173) 
oI 
HNýý S E 
To a solution of N-(trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2- 
enylamine (165b) (8.91 g, 26.3 mmol) in methanol (42 cm) was added potassium 
carbonate (9.09 g, 65.8 mmol) and water (2 cm3). The resulting mixture was vigorously 
stirred for 68 h, after which the mixture was filtered and bulk solvent was removed from 
the filtrate in vacuo and the residue remaining partitioned between diethyl ether (40 cm3) 
and water (20 cm3). The organic fraction was then washed with saturated aqueous 
sodium hydrogen carbonate solution (2 x 25 cm3) and water (1 x 25 cm) . 
The aqueous 
fraction was basified by addition of 2M sodium hydroxide solution (20 cm) and washed 
with diethyl ether (2 x 20 cm) . 
The organic fractions were dried, filtered, combined and 
solvent removed under reduced pressure to afford a colourless oil (5.91 g, 92.3 %); 
v,,, ax(thin film/DCM)/cm 
1: 2956,2929 and 2857 (C-H aliphatic), 1675 (C=C alkene), 
1102 (Si-O silyl ether); 6H(300 MHz; CDC13) 0.04 (6 H, s, 2x -CH3), 0.93 (9 H, s, - 
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C(CH3)3), 1.58 (3 H, S, -CH3), 1.65 (3 H, S, -CH3), 2.63 (2 H, t, J 5.4, N-CH2), 3.14 
(2 H, 
d, J 6.9, N-CH2), 3.66 (2 H, t, J 5.4, CH2-O)5 5.19 (1 H, t, J 6.9, HC=C); Found (EI) 
243.1966; Ci 3H29NOSi requires 243.2013. 
N-(Triphenylmethyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2-enylamine 
(174a) 
To a solution of N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2-enylamine (173) 
(5.84 g, 24.0 mmol) in dry DCM (50 cm3) was added triethylamine (3.40 g, 33.6 mmol) 
and triphenylmethyl chloride (8.03 g, 28.8 mmol). The resulting solution was stirred at 
room temperature under nitrogen for 70 h then washed with 3% aqueous ammonium 
chloride solution (2 x 30 cm3), saturated aqueous sodium hydrogen carbonate solution (2 
x 30 cm3) and water (1 x 30 cm3), dried, filtered and evaporated to dryness under reduced 
pressure. Hot filtration followed by recrystallisation from hot methanol gave the title 
amine as a white solid (8.93 g, 76.5 %), mp 102-103°C; (Found: C, 79.1; H, 9.0; N, 2.8. 
C32H43NOSi requires C, 79.1; H, 8.9; N, 2.9 %); v,,.,, (thin filmlNujol)/cm t: 3065 (C-H 
aromatic), 1596 (CSC aromatic), 1092 (Si-O silyl ether); 8H(300 MHz; CDC13) 0.04 (6 H, 
s, 2x -CH3), 0.89 (9 H, s, -C(CH3)3), 1.41 (3 H. s, -CH3), 1.69 (3 H, s, -CH3), 2.42 (2 H, 
t, J 7.1, N-CH2), 2.98 (2 H, d, J 5.7, N-CH2), 3.47 (2 H, t, J 7.1, CH2-O)) 5.45 (1 H, t, J 
5.7, HC=C). 
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N-(Diphenylphosphinoyl)-N-(2-tert-butyldimethylsilylethanol)-3-methylbut-2- 
enylamine (174b) 
0Ir 
II Si --ý P-N 
iý 
ýý- 
To a solution of N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut-2-enylamine (173) 
(2.98 g, 7.2 mmol) in dry DCM (40 cm3) was added DMAP (0.17 g, 1.4 mmol) and 
triethylamine (1.59 g, 15.7 mmol) at room temperature under argon. The solution was 
then cooled to 2°C under argon and diphenylphosphinoyl chloride (3.39 g, 14.3 mmol) 
was added dropwise over 20 min. The yellow solution was then stirred at 2°C under 
argon for 1 h, then allowed to warm to room temperature and stirred under argon for a 
further 20 h. A further aliquot of DCM (15 cm) was then added and the solution washed 
with 3% aqueous ammonium chloride solution (2 x 20 cm3), saturated aqueous sodium 
hydrogen carbonate solution (2 x 20 cm3) and water (1 x 20 cm3), dried, filtered and 
solvent removed under reduced pressure. Recrystallisation from warm ethyl acetate gave 
a yellow solid which was found to be a phosphinoyl by-product. Removal of solvent in 
vacuo from the mother liquor gave the title product as a yellow oil (2.98 g, 93.7 %); 
umax(thin film/CHCl3)/cm'' : 3059 (C-H aromatic), 2956,2929,2884,2857 (C-H 
aliphatic), 1648 (C=C alkene), 1439 (P-Ph), 1190 (P=O), 1101 (Si-O silyl ether); &1(300 
MHz; CDC13) 0.05 (6 H, s, 2x -CH3), 0.88 (9 H, s, -C(CH3)3), 1.49 (3 H, s, -CH3), 1.70 
(3 H, s, -CH3), 3.03-3.09 (2 H, m, N-CH2), 3.61-3.69 (4 H, m, N-CH2 and CH2-O), 5.24 
(1 H, t, J 6.7, HC=C), 7.38-7.50 (6 H, m, Ar), 7.80-7.92 (4 H, m, Ar); Found (EI) 
444.2476; C25H38NSiPO2"H+ requires 444.2482. 
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N-(Triphenylmethyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (175a) 
To a solution of N-(triphenylmethyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3-methylbut- 
2-enylamine (174a) (8.03 g, 16.5 mmol) in dry THE (40 cm3) was added TBAF solution 
(1.0 M in THF, 19.80 cm3,19.8 mmol). The resulting golden solution was stirred under 
nitrogen at room temperature for 2.5 h following which bulk solvent was removed in 
vacuo. The residue remaining was redissolved in DCM (30 cm3) and washed with 
saturated aqueous sodium hydrogen carbonate solution (2 x 25 cm3) and water (2 x 25 
cm3), dried, filtered and solvent removed under reduced pressure. Recrystallisation from 
hot methanol left the product in the mother liquor, which was evaporated to dryness in 
vacuo and the residue remaining passed through a pad of silica, eluting with DCM to give 
the title alcohol as an off-white gum (3.47 g, 56.5 %). Vmax(thin film/DCM)/cm': 3383 
(OH alcohol), 3085,3057,3032 (C-H aromatic), 2972,2929,2852 (C-H aliphatic), 1635 
(C=C alkene), 1596 (C=C aromatic), 1085 (C-O alcohol); 8H(300 MHz; CDCl3) 1.47 (3 
H, s, -CH3), 1.75 (3 H, s, -CH3), 2.08 (1 H, br s, OH), 2.54 (2 H, t, J 6.0, N-CH2), 2.97 (2 
H, d, J 6.4, N-CH2), 3.76 (2 H, t, J 6.0, CH2-O), 5.42 (1 H, t, J 6.4, HC=C), 7.18-7.62 (15 
H, m, Ar); Found (CI) 372.2302; C26H29NO"H+ requires 372.2322. 
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N-(Diphenylphosphinoyl)-N-(2-hydroxyethyl)-3-methylbut-2-enylamine (175b) 
O 
11 
P-N 
\ 
To a solution of N-(diphenylphosphinoyl)-N-(2-tert-butyldimethylsilyloxyethyl)-3- 
methylbut-2-enylamine (174b) (2.98 g, 6.7 mmol) in dry THE (20 cm) was added TBAF 
(1.0 M in THF, 8.1 cm3,8.1 mmol) and the resulting solution stirred at room temperature 
under argon. After 2.5 h bulk solvent was removed in vacuo and the residue remaining 
redissolved in ethyl acetate (20 cm3), washed with saturated aqueous sodium hydrogen 
carbonate solution (1 x 25 cm3) and water (2 x 25 cm) then dried, filtered and 
evaporated to dryness under reduced pressure. Column chromatography (neutral 
silica/95: 5 ethyl acetate/methanol) gave the product as a yellow oil that solidified on 
standing and was recrystallised from diethyl ether/light petroleum ether to give the title 
alcohol as a white solid (1.92 g, 86.2 %), mp 67-69°C; (Found: C, 69.3; H, 7.5; N, 4.2. 
C19H24NP02 requires C, 69.3; H, 7.3; N, 4.25 %); Vmax(thin film/DCM)/cm l: 3339 (OH 
alcohol), 3057 (C-H aromatic), 2971,2930,2873 (C-H aliphatic), 1592 (C=C aromatic), 
1439 (P-Ph), 1178 (P=O), 1072 (C-O alcohol); SH(500 MHz; CDC13) 1.47 (3 H, s, -CH3), 
1.78 (3 H, s, -CH3), 3.12-3.17 (2 H, m, N-CH2), 3.53-3.56 (2 H, m, N-CH2), 3.63-3.66 (2 
H, m, CH2-O), 4.77 (1 H, br s, OH), 5.15 (1 H, t, J 6.8, HC=C), 7.42-7.50 (6 H, m, Ar), 
7.79-7.93 (4 H, m, Ar). 
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N-(Trifluoroacetyl)-1-amino-2-propanol (182) 
F3C 
1-Amino-2-propanol (3.41 g, 45.4 mmol) was cooled to 0°C under argon and methyl 
trifluoroacetate (5.79 g, 45.4 mmol) added dropwise over 15 min. The resulting mixture 
was then stirred for a further 30 min after which time the resulting white solid was dried 
in vacuo to give a fine white powder which was recrystallised from hexane/diethyl ether 
(ca. 4: 1) to give the title alcohol as white flakes (6.71 g, 86.4 %) mp 58-60°C; (Found: C, 
35.1; H, 4.9; N, 8.1. C5HsNO2F3 requires C, 35.1; 4.7; 8.1 %); 
Vmax(thin film/DCM)/cm': 3374 (OH alcohol), 3242 (N-H amide), 2986,2922 and 2847 
(C-H aliphatic), 1704 (C=O amide), 1574 (N-H amide II), 1222 and 1169 (C-F), 1086 (C- 
O alcohol); SH(500 MHz; CDC13) 1.26 (3 H, d, J 6.3, -CH3), 1.72 (1 H, br s, OH), 3.18 (1 
H, ddd, J 4.6,8.0,14.2, N-CH), 3.60 (1 H, ddd, J 4.1,7.8,14.2), 4.00-4.03 (1 H, m, CH), 
6.79 (1 H, br s, NH); m/z (EI) 172 (MH+). 
N-(Trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxypropyl)amine (183) 
0 
F3C)ýN 
HýI o-Si 
i 
To a solution of N-(trifluoroacetyl)-1-amino-2-propanol (182) (8.02 g, 46.9 mmol) in dry 
DMF (80 cm) were added imidazole (6.40 g, 94.0 mmol) and TBDMS-CI (8.46 g, 56.1 
mmol) and the resulting solution stirred at room temperature under argon. After 20 h the 
solution was poured onto saturated aqueous sodium hydrogen carbonate solution (120 
cm3) and washed with DCM (3 x 30 cm) . 
The combined organic fractions were then 
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reduced in vacuo and the liquid remaining redissolved in diethyl ether (50 cm3) and 
washed with water (3 x 40 cm3), dried, filtered and solvent removed under reduced 
pressure. Filtering through a pad of silica, eluting with diethyl ether, gave the title 
product as a colourless oil (13.07 g, 97.7 %); v ,, (thin film/DCM)/cm': 3320 (N-H 
amide), 2958,2933,2889.2861 (C-H aliphatic), 1709 (C=O amide), 1561 (N-H amide 
II), 1212 and 1167 (C-F), 1102 (Si-O silyl ether); 8H(300 MHz; CDC13) 0.06 (6 H, s, 2x 
CH3)9 0.89 (9 H, s, -C(CH3)3), 1.16 (3 H, d, J 6.2, -CH3), 3.14 (1 H, ddd, J 5.4,7.2,13.2, 
N-CH), 3.51 (1 h, ddd, J3.6,6.3,13.2, N-CH), 3.95-4.02 (1 H, m, CH), 6.70 (1 H, br s, 
NH); Found (EI) 286.1436; C11H22NSiO2F3"H+ requires 286.1445. 
N-(Trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxypropyl)-3-methylbut-2-enylamine 
(184) 
O 
N F3C 
O- Si 
A suspension of sodium hydride (1.85 g, 46.3 mmol) in dry DMF (60 cm3) was cooled to 
4°C under nitrogen and of N-(trifluoroacetyl)-N-(2-tert- 
butyldimethylsilyloxypropyl)amine (183) (12.03 g, 42.2 mmol) in dry DMF (20 cm3) was 
added dropwise over 15 minutes. The resulting mixture was allowed to warm to room 
temperature and stirred for 70 min under nitrogen. 1-Bromo-3-methylbut-2-ene (8.14 g, 
54.6 mmol) was then added portionwise and the resulting solution stirred at room 
temperature under nitrogen. After this time the reaction was quenched by pouring onto 
saturated aqueous sodium hydrogen carbonate solution (120 cm3) and the aqueous 
mixture washed with DCM (3 x 40 cm). The combined organic fractions were then 
reduced in vacuo and the liquid remaining redissolved in diethyl ether (40 cm3) and 
washed with water (3 x 30 cm3) before drying, 
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filtering and removal of solvent under reduced pressure to afford the title product as a 
yellow liquid (13.11 g, 88.0 %). Vmax(thin film/DCM)/cm-': 2958,2932,2898,2860 (C- 
H aliphatic), 1694 (C=O amide), 1204 and 1142 (C-F), 1102 (Si-O silyl ether); SH(500 
MHz; CDC13) 0.06 (6 H, s, 2x -CH3), 0.90 (9 H, s, -C(CH3)3), 1.12 (3 H, d, J 6.1, -CH3), 
1.70 (3 H, s, -CH3), 1.76 (3 H, s, -CH3), 2.93 (1 H, dd, J 8.8,13.2, N-CH), 3.47 (1 H, dd, 
J 3.4,13.2, N-CH), 4.06 (3 H, m, N-CH2 and CH), 5.06 (1 H, t, J 7.8, HC=C). 
N-(2-tert-Butyldimethylsilyloxypropyl)-3-methylbut-2-enylamine (185) 
HN 
O-Si 
II 
To a solution of N-(trifluoroacetyl)-N-(2-tert-butyldimethylsilyloxypropyl)-3-methylbut- 
2-enylamine (184) (10.71 g, 30.3 mmol) in methanol (47.5 cm3) was added potassium 
carbonate (10.44 g, 75.6 mmol) and water (1.5 cm) . The resulting mixture was then 
stirred vigorously at room temperature for 96 h, following which time the mixture was 
filtered and bulk solvent was removed from the filtrate under reduced pressure and the 
residue remaining partitioned between diethyl ether (30 cm3) and water (40 cm) . 
The 
organic fraction was then washed with saturated aqueous sodium hydrogen carbonate 
solution (2 x 25 cm3) and water (1 x 25 cm) . The 
initial aqueous fraction was then 
basified by addition of sodium hydroxide pellets (1.0 g) and washed with diethyl ether (2 
x 20 cm3). The organic fractions were dried, filtered, combined and solvent removed in 
vacuo to afford a yellow liquid (7.31 g, 93.7 %); Vmax(thin film/DCM)/cm 1: 2958,2931, 
2887,2859 (C-H aliphatic), 1281 (C-N amine), 1101 (Si-O silyl ether); 6H(300 MHz; 
CDC13) 0.06 (6 H, s, 2x -CH3), 0.89 (9 H, s, -C(CH3)3), 1.18 (3 H, d, J 7.0, -CH3), 1.63 
(3 H, s, -CH3), 1.73 (3 H, s, -CH3), 2.54 (2 H, d, J 6.4, N-CH2), 3.18 (2 H, d, J 7.0, N- 
CH2), 3.94 (1 H, m, CH), 5.23 (1 H, t, J7.0). 
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N-(Diphenylphosphinoyl)-N-(2-tert-butyldimethylsilyloxypropyl)-3-methylbut-2- 
enylamine (186) 
To a solution of N-(2-tert-butyldimethylsilyloxypropyl)-3-methylbut-2-enylamine (185) 
(1.83 g, 7.1 mmol) in dry DCM (40 cm3) was added triethylamine (1.56 g, 15.4 mmol) 
and DMAP (0.17 g, 1.4 mmol). The resulting solution was cooled to 4°C under nitrogen 
and diphenylphosphinoyl chloride (3.31 g, 14.0 mmol) added and the yellow solution 
stirred for 1h then allowed to warm to room temperature and stirred for a further 21 h 
under nitrogen. The solution was then washed with 3% aqueous ammonium chloride 
solution (2 x 20 cm), saturated aqueous sodium hydrogen carbonate solution (2 x 20 
cm3) and water (1 x 20 cm3), dried, filtered and solvent removed in vacuo. Column 
chromatography (neutral silica/95: 5 ethyl acetate/methanol) gave the product as the 
second eluant, a yellow oil that solidified on drying in vacuo. Recrystallisation from hot 
hexane gave the title compound as a white solid (2.51 g, 64.5 %), mp 93-94 °C; (Found: 
C, 68.2; H, 8.8; N, 3.0. C26H40NSiPO2 requires C, 68.2; H, 8.8; N, 3.1 %); v,,, ax(thin 
film/DCM)/cm't : 3058 (C-H aromatic), 2958,2930,2857 (C-H aliphatic), 1592 (C=C 
aromatic), 1439 (P-Ph), 1196 (P=O), 1104 (Si-O silyl ether); SH(500 MHz; CDC13) 0.03 
(6 H, s, 2x -CH3), 0.87 (9 H, s, -C(CH3)3), 1.09 (3 H, d, J6.1, -CH3), 1.48 (3 H, s, -CH3), 
1.71 (3 H, s, -CH3), 2.83-2.87 (1 H, m N-CH), 2.98-3.02 (1 H, m, N-CH), 3.59-3.70 (2 H, 
N-CH2), 3.92-3.95 (1 H. m, CH), 5.28 (1 H, t, J 6.7, HC=C), 7.43-7.49 (6 H, m, Ar), 
7.87-7.94 (4 H, m, Ar). 
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N-(Diphenylphosphinoyl)-N-(2-hydroxypropyl)-3-methylbut-2-enylamine (187) 
To a solution of N-(diphenylphosphinoyl)-N-(2-tert-butyldimethylsilyloxypropyl)-3- 
methylbut-2-enylamine (186) (2.27 g, 5.0 mmol) in dry THE (12 cm) was added TBAF 
in (1.0 M in THF, 6.1 cm3,6.1 mmol) and the resulting solution stirred at room 
temperature under nitrogen. After 3h bulk solvent was removed in vacuo and the sample 
redissolved in DCM (40 cm3) and washed with water (3 x 20 cm3), dried, filtered and 
solvent removed under reduced pressure. Further drying in vacuo in the presence of 
phosphorus pentoxide gave an off-white solid which was recrystallised from warm light 
petroleum ether/diethyl ether to give the title alcohol as colourless rods, (1.37 g, 81.2 %), 
mp 89-90°C; (Found: C, 69.6; H, 7.75; N, 4.0; P, 9.1. C20H26NPO2 requires C, 69.95; H, 
7.6; N, 4.1; P, 9.0 %); v,,, a,, (thin filmIDCM)/cm 
1: 3369 (0-H alcohol), 3058 (C-H 
aromatic), 2969 and 2929 (C-H aliphatic), 1592 (C=C aromatic), 1439 (P-Ph), 1175 
(P=O), 1073 (C-0 alcohol); SH(500 MHz; CDC13) 1.02 (3 H, d, J 6.3, -CH3), 1.47 (3 H, s, 
-CH3), 1.74 (3 H, s, -CH3), 2.18 (1 H, br, s, OH), 2.87-3.01 (2 H, m, N-CH2), 3.47-3.49 (1 
H, m, N-CH), 3.60-3.65 (1 H, m, N-CH), 4.04-4.07 (1 H, m, CH), 5.15 (1 H, t, J 6.9, 
HC=C), 7.45-7.52 (6 H, m, Ar), 7.87-7.91 (4 H, m, Ar); Sc(67.80 MHz; CDC13; splitting 
to 31P observed for adjacent carbons) 17.6,20.1,25.7,43.9,54.3,63.1,120.7, (Aromatic 
region: 128.6,128.7,128.8,128.9,131.9,132.0 (2 signals, 131.99,132.04), 132.1,132.2, 
132.3,132.4,132.5,132.7,132.9,138.4); m/z (EI) 344 (MH+). 
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N-(Diphenylphosphinoyl)-N-(2-oxopropyl)-3-methylbut-2-ene (188) 
A solution of oxalyl chloride (0.50 g, 34.0 mmol) in dry DCM (50 cm3) was cooled under 
argon to -74°C and dry DMSO (0.64 g, 8.2 mmol) added dropwise over 8 min (T < 
-65°C). The resulting solution was stirred under argon at -73°C for 20 min following 
which N-(diphenylphosphinoyl)-N-(2-hydroxypropyl)-3-methylbut-2-enylamine (187) 
(0.85 g, 2.5 mmol) in dry DCM (20 cm) was added dropwise (T < -60°C) over 20 min. 
The resulting mixture was then stirred under argon at -74°C for 3h after which DIPEA 
(1.61 g, 12.4 mmol) was added portionwise (T < -60°C) and the solution stirred for a 
further 30 min then allowed to warm to room temperature. The solution was then washed 
with 3% aqueous ammonium chloride solution (2 x 25 cm3), saturated aqueous sodium 
hydrogen carbonate solution (2 x 25 cm3) and water (1 x 25 cm3), dried, filtered and 
solvent removed in vacuo to give the title ketone as a yellow solid (0.71 g, 84.1 %) which 
was stored at -20°C and used without further purification. v, r, ax(thin film/DCM)/cm'1: 
3058 (C-H aromatic), 2973 and 2931 (C-H aliphatic), 1728 (C=O ketone), 1592 (C=C 
aromatic), 1439 (P-Ph), 1180 (P=O); 6H(500 MHz; CDC13) 1.48 (3 H, s, -CH3), 1.72 (3 
H, s, -CH3), 1.95 (3 H, s, -CH3), 3.61 (2 H, m, N-CH2), 3.72 (2 H, m, N-CH2), 5.16 (1 H, 
t, J 7.4, HC=C), 7.43-7.50 (6 H, m, Ar), 7.94-7.96 (1 H, m, Ar), 7.98-8.01 (3 H, m, Ar); 
6, (67.80 MHz; CDC13; splitting to 31P observed for adjacent carbons) 17.3,25.5,26.9, 
44.9,54.0,120.7,205.8, (Aromatic region: 128.5,128.7,128.8,130.8,131.6,131.8, 
131.9 (2 signals, 131.89,131.92), 132.3 (2 signals, 132.25,132.28), 132.4,132.5,132.7 
(2 signals, 132.67,132.74)); Found (EI) 342.1607; C20H24NPO2"H+ requires 342.1617. 
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N-(Diphenylphosphinoyl)-N-(benzyliminoethyl)-3-methylbut-2-ene (195) 
To a solution of N-(diphenylphosphinoyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine 
(170b) (0.30 g, 0.9 mmol) in dry DCM (10 cm3) was added benzylamine (0.1 g, 0.9 
mmol) and 4A molecular sieves (0.4 g). The resulting suspension was stirred at room 
temperature under nitrogen for 30 h then filtered, washing with further dry DCM (20 
cm3) and dried, filtered and solvent removed under reduced pressure to afford the title 
imine as yellow oil (0.28 g, 73.4 %); vma,, (thin film/DCM)/cm 1: 3059 and 3030 (C-H 
aromatic), 2971,2928,2858 (C-H aliphatic), 1686 (C=N imine), 1591 (C=C aromatic), 
1439 (P-Ph), 1187 (P=O); 6H(500 MHz; CDC13) 1.38 (3 H, s, -CH3), 1.69 (3 H, s, -CH3), 
3.57-3.60 (2 H, m, N-CH2), 3.70-3.73 (2 H, m, N-CH2), 4.58 (2 H, s, CH2-Ar), 5.17 (1 H, 
t, J 6.9, HC=C), 7.31-7.49 (12 H, m, Ar and imino-H), 7.89-7.93 (4 H, m, Ar); Found 
(CI) 417.2077; C26H29N2PO"H+ requires 417.2090. 
N-(Trifluoroacetyl)-N-(cyanomethyl)-3-methylbut-2-enylamine (197) 
0 
N 
F3C)ý N 
A suspension of sodium hydride (1.46 g, 36.5 mmol) in dry DMF (60 cm) was cooled to 
4°C under argon and N-(trifluoroacetyl)-3-methylbut-2-enylamine (148) (6.02 g, 33.2 
mmol) in dry DMF (10 cm) was added portionwise and the yellow mixture stirred at 
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room temperature under argon for 1 h. Bromoacetonitrile (7.13 g, 59.6 mmol) was then 
added dropwise over 10 minutes and the resulting dark mixture stirred at room 
temperature under argon. After 20 h the mixture was poured onto saturated aqueous 
sodium hydrogen carbonate solution (100 cm3) and extracted with DCM (5 x 40 cm). 
Bulk solvent was then removed from the organic fraction under reduced pressure and the 
dark residue remaining redissolved in diethyl ether (50 cm3) and washed with water (3 x 
40 cm) , dried, 
filtered and solvent removed in vacuo. Column chromatography (neutral 
silica/2: 1 hexane/diethyl ether) gave the title compound as the second fraction, a 
colourless oil (1.55 g, 21.2 %); Vmax(thin film/CHC13)/cm'I: 2983 and 2921 (C-H 
aliphatic), 2258 (C=N nitrile), 1706 (C=O amide), 1208 and 1160 (C-F); 8H(300 MHz; 
CDC13) 1.79 (3 H, s, -CH3), 1.83 (3 H, s, -CH3), 4.17 (2 H, d, J 7.1, N-CH2), 4.24 (2 H, s, 
N-CH2), 5.12 (1 H, t, J7.1, HC=C); m/z (CI) 221 (MH+). 
N-(Cyanomethyl)-3-methylbut-2-enylamine (198) 
HN 
ýN 
To a solution of N-(trifluoroacetyl)-N-(cyanomethyl)-3-methylbut-2-enylamine (197) 
(1.53 g, 7.0 mmol) in methanol (11 cm) was added potassium carbonate (2.35 g, 17.0 
mmol) and water (1 cm3). The resulting mixture was then vigorously stirred at room 
temperature for 18 h, following which the mixture was filtered and bulk solvent was 
removed from the filtrate in vacuo. The orange residue remaining was partitioned 
between diethyl ether (20 cm) and water (10 cm) . 
The organic fraction was then 
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washed with saturated aqueous sodium hydrogen carbonate solution (3 x 20 cm3) and 
water (1 x 20 cm3); the initial aqueous fraction was basified by addition of sodium 
hydroxide pellets (1.0 g) and washed with diethyl ether (2 x 20 cm3). The organic 
fractions were dried, filtered, combined and solvent removed under reduced pressure to 
afford the title amine as a yellow oil (0.26 g, 30.1 %); Vmax(thin film/CHC13)/cm'' : 3326 
(N-H amine), 2972 and 2930 (C-H aliphatic), 2253 (C°N nitrile), 1596 (C=C aromatic); 
8H(300 MHz; CDC13) 1.34 (1 H, br s, NH), 1.72 (3 H, s, -CH3), 1.75 (3 H, s, -CH3), 3.36 
(2 H, d, J 7.0, N-CH2), 3.56 (2 H, s, N-CH2), 5.18 (1 H, t, J 7.0, HC=C). 
N-(Triphenylmethyl)-N-(cyanomethyl)-3-methylbut-2-enylamine (199) 
ýN 
N 
To a solution of N-(cyanomethyl)-3-methylbut-2-enylamine (198) (0.25 g, 2 mmol) in 
dry DCM (10 cm3) was added triethylamine (0.28 g, 2.8 mmol) and triphenylmethyl 
chloride (0.66 g, 2.4 mmol). The resulting orange solution was then stirred at room 
temperature under argon for 66 h following which the solution was washed with 3% 
aqueous ammonium chloride solution (2 x 20 cm), saturated aqueous sodium hydrogen 
carbonate solution (2 x 20 cm3) and water (1 x 20 cm) , dried, filtered and evaporated to 
dryness under reduced pressure. Recrystallisation from hot methanol gave the product in 
the mother liquor, from which solvent was removed under reduced pressure to give a 
white foam. This was triturated with hexane, with the hexane fraction allowed to stand at 
room temperature, from which the product precipitated to afford the title amine as 
colourless rods (0.28 g, 38.0 %), mp 108-110°C; (Found: C, 85.2; H, 7.1; N, 7.7. 
C26H26N2 requires C, 85.2; H, 7.15; N, 7.7 %); v(thin film/DCM)/cm 1: 3085,3059, 
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3033 (C-H aromatic), 2970,2914,2861 (C-H aliphatic), 2239 (C=N nitrile), 1596 (C=C 
aromatic); SH(300 MHz; CDC13) 1.55 (3 H, s, -CH3), 1.77 (3 H, s, -CH3), 3.17 (2 H, d, J 
6.7, N-CH2), 3.58 (2 H, s, N-CH2), 5.40 (1 H, t, J 6.7, HC=C), 7.17-7.50 (15 H, m, Ar); 
m/z (CI) 367 (MH+). 
O-(p-Toluenesulphonyl)-3-methyl-3-oxetanemethano161 (202) 
To a solution of 3-methyl-3-oxetane methanol (10.0 g, 97.9 mmol) in dry pyridine (150 
cm3) was added p-toluenesulphonyl chloride (28.0 g, 146.9 mmol) and the resulting 
mixture stirred at room temperature under nitrogen for 2.5 h. The mixture was then 
poured onto water (400 cm) and stirred at room temperature for I h, a precipitate 
forming. Vacuum filtration gave a pinkish solid which was triturated with copious water 
to give a white solid which was dried in vacuo over phosphorous pentoxide to give a 
white solid (16.42 g, 65.5 %); v.,, (thin film/DCM)/cm': 2966 and 2876 (C-H aliphatic), 
1599 (C=C aromatic), 1360 and 1177 (S(=0)2 sulphonamide); 8H(300 MHz; CDC13) 1.30 
(3 H, s, -CH3), 2.46 (3 H, s, -CH3), 4.11 (2 H, s, O-CH2), 4.37 (4 H, m, 2x O-CH2), 7.36 
(2 H, d, J 8.4, Ar), 7.81 (2 H, d, J 8.4, Ar). 
N-(Trifluoroacetyl)-L-serine 3-methyl-3-(hydroxymethyl)oxetane ester (203) 
OH 
,. H 
F3C' H 'O 
To a solution of finely ground L-serine (10.03 g, 95.4 %) in dry methanol (50 cm3) was 
added triethylamine (9.62 g, 95.1 mmol) and methyl trifluoroacetate (15.24 g, 119.0 
mmol). The resulting mixture was stirred at room temperature under argon for 19 h, 
157 
Experimental Chapter 6 
becoming a colourless solution. After this time solvent was removed in vacuo to afford a 
white solid, which was suspended in water (240 cm3) and cesium carbonate (24.98 g, 
76.7 mmol) added. The colourless solution was then stirred at room temperature for 20 
min, then lyophilised in vacuo for 16 h, followed by further drying under vacuum with 
phosphorus pentoxide for 20 h. The resulting white solid was then suspended in dry 
DMF (140 cm3) and O-(p-toluenesulphonyl)-3-methyl-3-oxetanemethanol (202) 
(25.70 g, 10.0 mmol) added followed by sodium iodide (3.0 g, 20.0 mmol) and the 
mixture stirred at room temperature under argon for 90 h. The mixture was then 
partitioned between ethyl acetate (50 cm3) and water (200 cm) . The aqueous fraction 
was diluted with further water (100 cm3) and washed with ethyl acetate (2 x 50 cm). 
The combined ethyl acetate fractions were then washed with 3% aqueous ammonium 
chloride solution (1 x 25 cm3), saturated aqueous sodium hydrogen carbonate solution (2 
x 25 cm), water (1 x 25 cm3), dried, filtered and evaporated to dryness in vacuo to give a 
yellow oil. Crystallisation from warm diethyl ether gave the title ester as a white solid 
(3.14 g, 11.5 %), mp 70-71°C; [a]D25.1 -16.3 (c = 7.2 x 10"3,1= 1, diethyl ether); (Found: 
C, 42.2; H, 5.05; N, 4.8. C1OH14NO5F3 requires C, 42.1; H, 4.95; N, 4.9 %); Vmax(thin 
film/diethyl ether)/cm'': 3228 (N-H amide), 2972,2883,2840 (C-H aliphatic), 1731 
(C=O ester), 1262 and 1178 (C-F -CF3); 6H(500 MHz; CDC13) 1.30 (3 H, s, -CH3), 3.10 
(1 H, dd, J 3.4,3.9, OH), 3.94-3.97 (1 H, ddd, J 1.8,3.9,3.0, CHH), 4.09 (1 H, d, J 11.3, 
C(O)-O-CHH), 4.24-4.27 (1 H, ddd, J3.4,3.0,2.6 CHH), 4.48 (1 H, d, J6.6, CHH), 4.50 
(1 H, d, J 6.6, CHH), 4.53 (1 H, d, J 6.6, CHH), 4.58 (1 H, d, J 6.6, CHH), 4.61 (1 H, d, 
J6.6, C(O)-CHH), 4.75-4.77 (1 H, dd, J 1.8,2.6, CH), 7.36 (1 H, br s, NH); 8, (67.80 
MHz; CDC13) 20.4,39.6,54.9,62.1,69.1,79.5,121.9 (q, J287.3), 157.4 (q, J36.6), 
169.2. 
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1-[N-Trifluoroacetyl-(1S)-1-amino-2-hydroxyethyl]-4-methyl-2,6,7- 
trioxabicyclo[2.2.2]octane (204) 
OH 
O 
O 
F3C 
H 
O, 
CO 
A solution of N-(trifluoroacetyl)-L-serine oxetane ester (203) (10.03 g, 35.2 mmol) in dry 
DCM (375 cm) was cooled to 2°C under argon and boron trifluoride diethyl etherate 
(0.25 g, 1.8 mmol) added. The resulting yellow solution was stirred at 5°C for 1h then 
allowed to warm to room temperature and stirred for a further 5h under argon, following 
which triethylamine (0.89 g, 9 mmol) was added and the solution stirred for a further 
30min. Bulk solvent was then removed under reduced pressure and the residue 
remaining redissolved in ethyl acetate (60 cm3) and washed with 3% aqueous 
ammonium chloride solution (2 x 40 cm3), saturated aqueous sodium hydrogen carbonate 
solution (2 x 20 cm), saturated brine solution (1 x 40 cm3) and water (1 x 40 cm3), dried, 
filtered and solvent removed under reduced pressure. Trituration with diethyl ether gave 
the title ester as a colourless oil after drying in vacuo (7.09 g, 70.7 %); [a]D25.2 -45.1 (c = 
0.0225,1 = 1, diethyl ether); vmax(thin film/DCM)/cm 1: 3356 (N-H amide), 2973 and 
2885 (C-H aliphatic), 1723 (C=O amide), 1177 (C-F -CF3); SH(300 MHz; CDC13) 0.82 (3 
H, s, -CH3), 3.11 (1 H, br s, OH); 3.77-3.98 (9 H, m, 4x CH2 and CH), 7.76 (1 H, br s, 
NH); m/z (CI) 286 (MH+). 
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1-[N-Trifluoroacetyl-(1S)-1-amino-2-tert-butyldimethylsilyloxyethyll-4-methyl- 
2,6,7-trioxabicyclo[2.2.21octane (205) 
I O-Si 
O """ H' ýý 
., ýO 
4 
FC H- 3 0.11 
A solution of 1-[N-trifluoroacetyl-(1S)-1-amino-2-hydoxyethyl]-4-methyl-2,6,7- 
trioxabicyclo[2.2.2]oxetane ester (204) (6.57 g, 23.0 mmol) in dry acetonitrile (200 cm3) 
was cooled to 4°C under argon and TBDMS-Cl (5.16 g, 34.2 mmol) added followed by 
dropwise addition of DBU (5.21 g, 34.2 mmol) over 15 min. The resulting solution was 
stirred at 4°C under argon for 30 min then allowed to warm to room temperature and 
stirred for a further 19 h under argon. After this time bulk solvent was removed in vacuo 
and the residue remaining partitioned between ethyl acetate (40 cm3) and water (30 cm3). 
The organic fraction was then washed with saturated aqueous sodium hydrogen carbonate 
solution (1 x 40 cm3), saturated brine solution (1 x 40 cm3) and water (1 x 40 cm) , 
dried, 
filtered and solvent removed under reduced pressure to afford a yellow gum. Trituration 
with diethyl ether gave, after removal of solvent in vacuo, the title ester as a colourless 
oil (7.42 g, 80.6 %); [a]D25.7 -19.8 (c = 0.011,1= 1, diethyl ether); v,,, a,, (thin 
film/DCM)/cm'1: 3332 (N-H amide), 2956,2932,2886,2859 (C-H aliphatic), 1732 (C=O 
amide), 1544 (N-H amide II), 1259 and 1164 (C-F -CF3), 1106 (Si-O silyl ether); SH(300 
MHz; CDC13) 0.03 (6 H, s, 2x -CH3), 0.79 (3 H, s, -CH3), 0.91 (9 H, s, -C(CH3)3), 3.63- 
4.29 (9 H, m, 4x CH2 and CH), 6.44 (1 H, br s, NH); Found (CI) 400.1767; 
C16H28NSiO5F3"H+ requires 400.1762. 
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N-(Allyl)-2-furfurylamine20 (214) 
N 
H 
To a solution of N-(trifluoroacetyl)-N-(allyl)-2-furfurylamine (232) (22.4 mmol) in 
methanol (35 cm) were added potassium carbonate (7.73 g, 56.0 mmol) and water (2 
cm3). The resulting mixture was vigorously stirred at room temperature for 20 h, 
following which the mixture was filtered and removal of bulk solvent from the filtrate in 
vacuo gave a residue which was partitioned between diethyl ether (30 cm3) and water (15 
cm3). The organic fraction was then washed with saturated aqueous sodium hydrogen 
carbonate solution (2 x 20 cm3) and water (1 x 20 cm) . The 
initial aqueous fraction was 
basified by addition of sodium hydroxide pellets (0.5 g), then washed with diethyl ether 
(2 x 25 cm) . 
The organic fractions were dried, filtered, combined and solvent removed 
under reduced pressure to afford the title amine as a yellow oil (2.93 g, 94.8 %); Vmax(thin 
film/DCM)/cm 1: 3412 (N-H amine), 3078 (C-H alkene), 2946 and 2876 (C-H aliphatic), 
1282 (C-N amine); 8H(300 MHz; CDC13) 1.72 (1 H, br s, NH), 3.25 (2 H, d, J6.0, N- 
CH2), 3.78 (2 H, s, N-CH2), 5.00-5.21 (2 H, m, HC=CH2), 5.85-5.94 (1 H, m, HC=CH2), 
6.17 (1 H, d, J2.8,3-furyl H), 6.30 (1 H, dd, J 1.6,2.8,4-furyl H), 7.36 (1 H, d, J 1.6,5- 
furyl H). 
N-(Trifluoroacetyl)-N-(allyl)-2-furfurylamine (232) 
i 00 
N 
F3C \ý 
A suspension of sodium hydride (1.83 g, 45.6 mmol) in dry DMF (40 cm) was cooled to 
4°C under nitrogen and N-(trifluoroacetyl)-2-furfurylamine (123) (8.02 g, 41.5 mmol) in 
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dry DMF (20 cm3) added portionwise. The resulting mixture was then stirred at room 
temperature under nitrogen for I h, following which allyl bromide (6.45 g, 53.9 mmol) 
was added and the solution stirred at room temperature under nitrogen. After 18 h the 
solution was poured onto saturated aqueous sodium hydrogen carbonate solution (100 
cm3) and washed with DCM (3 x 50 cm3). Bulk solvent was removed from the combined 
organic fractions to leave a brown residue which was redissolved in diethyl ether (30 
cm3) and washed with water (3 x 25 cm) , dried, 
filtered and solvent removed in vacuo. 
Filtering through a pad of silica, eluting with DCM, gave the title amine as a yellow oil 
(6.24 g, 64.5 %); v,,, a,, (thin film/diethyl ether)/cm-1 : 3089 (C-H alkene), 2952 (C-H 
aliphatic), 1695 (C=O amide), 1648 (C=C alkene), 1206 and 1147 (C-F); SH(300 MHz; 
CDC13) 4.02 (2 H, d, J 6.6, N-CH2), 4.57 (2 H, s, N-CH2), 5.13-5.27 (2 H, m, HC=CH2), 
5.63-5.74 (1 H, m, HC=CH2), 6.27-6.34 (2 H, m, 3-furyl H and 4-furyl H), 7.35 (1 H, m, 
5-furyl H). 
6.4 Part B. Cyclisation Studies 
In this section compounds are also arranged in numerical order as they appear in the main 
thesis. In general cyclisations were monitored by 'H NMR spectroscopy and in this 
context the term "completion" refers to the point at which the cyclisation has reached 
greater than 95 % conversion to cyclic product. Conversion in this instance being 
quantified by analysis of the integrals for known product and starting material peaks. 
(iRS, 4RS, 6SR)-8-Benzyl-8-aza-1,4-epoxybicyclo[4.3.0]non-2-ene20 (35d) 
To a warm solution of ß-cyclodextrin (5.48 g, 4.8 mmol) in water (402 cm3) was added 
N-(benzyl)-N-(allyl)-2-furfurylamine (34d) (1.10 g, 4.8 mmol) in d6-DMSO (2 cm) and 
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the resulting solution refluxed for 21 h. After this time the reaction was allowed to cool 
to room temperature and washed with DCM (4 x 75 cm), followed by reduction, under 
reduced pressure, of the volume of the combined organic extracts by half. The organic 
fraction was then washed with water (3 x 50 cm3), dried, filtered and evaporated to 
dryness in vacuo. Filtering through a pad of silica, eluting with DCM, gave a yellow oil 
(0.51 g, 46.4 %) which was stored at -20°C; vmax(thin film/DCM)/cm-' : 3029 (C-H 
aromatic), 2867 (C-H aliphatic), 1638 (C=C alkene); 8H(300 MHz; CDC13) 1.27 (1 H, dd, 
J7.4,11.5), 1.70 (1 H, ddd, J 3.4,4.3,11.5), 2.03 (1 H, dddd, J 3.4,7.0,7.4,10.3), 2.20 
(1 H, dd, J8.4,10.3), 2.68(1 H, d, J 11.8), 3.17 (1 H, dd, J 6.9 and 8.4), 3.54 (1 H, d, J 
11.8), 3.76 (2 H, s, N-CH2), 5.00 (1 H, dd, J 1.6 and 4.4), 6.26 (1 H, dd, J 1.6 and 5.8), 
6.40 (1 H, d, J 5.8), 7.21-7.40 (5 H, m, Ar). 
(1RS, 4RS, 6SR)-8 p-Toluenesulphonyl-8-aza-1,4-epoxybicyclo[4.3.0]non-2-ene20 
(35f) 
Method A: 
A solution of N-(toluenesulphonyl)-N-(allyl)-2-furfurylamine (34f) (0.34 g, 1.2 mmol) in 
9: 1 water/DMSO (390 cm3) was heated to reflux for 6 h. The solution was then diluted 
with water (100cm3) and washed with DCM (3 x 75 cm) . Bulk solvent was then 
removed from the combined organic fractions and the yellow residue remaining 
redissolved in DCM (25 cm3) and washed with water (3 x 25 cm) , dried, filtered and 
solvent removed in vacuo to give a yellow oil. This was recrystallised from warm 
ethanol to afford the title sulphonamide as a white solid (0.21 g, 61.8 %). 
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Method B: 
To a warm solution of ß-cyclodextrin (2.36 g, 2.1 mmol) in water (173 cm3) was added 
N-(toluenesulphonyl)-N-(allyl)-2-furfurylamine (34f) (0.61 g, 2.1 mmol) in DMSO (2.5 
cm3) and the resulting solution refluxed. After 3h the solution was cooled to room 
temperature and washed with DCM (3 x 40 cm3), dried, filtered and solvent removed 
under reduced pressure to afford a yellow oil. Recrystallisation from warm ethanol gave 
the title sulphonamide as a white solid (0.17 g, 28.1 %), mp 115-116°C; (Found: C, 61.6; 
H, 5.9; N, 4.8. C15H17NS03 requires C, 61.8; H, 5.9; N, 4.8 %); 
umax(thin film/DCM)/cm 1: 2949 and 2875 (C-H aliphatic), 1599 (C=C aromatic), 1342 
and 1163 (S(=O)2 sulphonamide); 61(500 MHz; CDC13) 1.35 (1 H, dd, J 7.5 and 11.7), 
1.62-1.65 (1 H, m), 1.06-2.08 (1 H, m), 2.42 (3 H, s), 2.68 (1 H, t, J9.7), 3.51 (1 H, d, J 
12.1), 3.89 (1 H, t, J 8.4), 1 H, d, J 12.1), 4.93 (1 H, d, J, 4.4), 6.30-6.34 (2 H, m), 7.31 (2 
H, d, J 8.1), 7.70 (2 H, d, J 8.1). 
(1SR, 5SR, 6RS, 7RS, 8SR)-3-(Triphenylmethyl)-5-isopropenyl-6,7-bis- 
(methoxycarbonyl)-11-oxa-3-azatricyclo[6.2.1.0]undec-9-ene (128) 
To a solution of N-(triphenylmethyl)-N-(3-methylbut-2-enyl)-2-furfurylamine (126) (1.97 
g, 4.8 mmol) in dry DCM (3 cm3) was added dimethyl butynedioate (3.49 g, 24.6 mmol) 
followed by a few crystals of hydroquinone and the resulting solution stirred at room 
temperature under nitrogen. After 6 days TLC indicated the formation of a new product 
and the reaction was stopped. Column chromatography (neutral silica/DCM)-loaded 
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using 5% triethylamine in DCM, gave the product as a yellow oil. This could be 
crystallised from hot methanol to afford the title amine as a white solid (0.40 g, 14.9 
mp 153-155°C; (Found: C, 76.8; H, 6.35; N, 2.3. C35H35NO5 requires C, 76.5; H, 6.4; N, 
2.55 %); Vmax(thin film/DCM)/cm-1: 3084,3058,3021 (C-H aromatic), 2851 (C-H 
aliphatic), 1738 (C=O ester), 1642 (C=C alkene), 1596 (C=C aromatic), 1212 (C-C-O 
ester); SH(500 MHz; CDC13) 1.76 (3 H, s, -CH3), 2.54 (1 H, d, J 12.9, N-CH), 2.97 (1 H, 
dd, J 11.8 and 2.1, N-CH), 3.04 (1 H, d, J 11.8, CH), 3.25 (3 H, s, CO2CH3), 3.59 (1 H, 
dd, J 12.9,2.1, N-CH), 3.63 (3 H, S. CO2CH3), 4.58 (1 H, br s, C=CHH), 4.75 (1 H, br s, 
C=CHH), 5.15 (1 H, dd, J 1.6,4.2, CH), 5.92 (1 H, d, J 5.7, HC=CH), 6.74 (1 H, dd, J 
1.6,5.7, HC=CH), 7.15-7.52 (15 H, m, Ar); m/z (LSIMS) 550 (MH+). 
(iRS, 4SR) N-(Toluenesulphonyl)-N-(3-methylbut-2-enyl)-1-aminomethyl-2,3- 
bismethoxycarbonyl-7-oxa-[2.2.1]bicyclohepta-2,5-diene (131) 
R= CO2CH3 
To a solution of N-(toluenesulphonyl)-N-(allyl)-2-furfurylamine (130) (0.98 g, 3.1 mmol) 
in dry DCM (2 cm3) was added dimethyl butynedioate (2.22 g, 15.7 mmol) followed by a 
few crystals of hydroquinone. The resulting solution was then stirred at room 
temperature under nitrogen in a foil-wrapped flask. After 18 days 'H NMR indicated that 
the reaction had proceeded to greater than 90 % conversion to product and the reaction 
was stopped. Column chromatography (neutral silica/3: 1 DCM/ethyl acetate) gave the 
product as a yellow oil. Crystallisation from hot ethanol afforded the title sulphonamide 
as a white solid (0.91 g, 62.9 %), mp 108-109°C; (Found; C, 59.7; H, 6.0; N, 2.9. 
C23H27NS07 requires C, 59.85; H, 5.9; N, 3.0 %); v,,, a,, (thin filmfNujol)/cm' : 1722 and 
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1706 (C=O ester), 1640 (C=C alkene), 1348 and 1166 (S(=0)2 sulphonamide); 8H(300 
MHz; CDC13) 1.54 (6 H, s, 2x -CH3), 2.43 (3 H, s, -CH3), 3.79 (3 H, s, CO2CH3), 3.83 (1 
H, d, J 15.5, N-CHH), 3.87 (3 H, S. CO2CH3), 3.96 (2 H, d, J6.4, N-CH2), 4.23 (1 H, d, J 
15.5, N-CHH), 4.71 (1 H, t, J 6.4, HC=C), 5.64 (1 H, d, J 1.8, CH), 7.18 (1 H, dd, J 1.8, 
5.2, HC=CH), 7.22 (1 H, d, J 5.2), 7.28 (2 H, d, J 8.1, Ar), 7.70 (2 H, d, J 8.1, Ar); 
8, (67.80 MHz; CDC13) 17.9,21.7,26.0,44.1,46.4,52.5,52.7,84.2,98.2,117.8,127.6, 
129.8,137.5,137.8,143.5,144.2,144.6,152.9,154.1,163.1,164.4; m/z (CI) 462 (MH+). 
N-(Toluenesulphonyl)-N[(3Z)-2-(1-methylethenyl)-3,4-bismethoxycarbonyl)but-3- 
enyl]furfurylamine (133) 
O 
II 
S-N 
ý. 
0 
ýý 
R= CO2CH3 C) 
A solution of N-(toluenesulphonyl)-N-(ethyl-2-[(1 SR, 4RS)-1,4-epoxybicyclo-5,6- 
carbomethoxy-[2.2.0]-2,5-cyclohexadiene])-3-methylbut-2-enylamine (131) (0.71 g, 1.5 
mmol) in dry toluene (10 cm3) was heated to reflux for 19 h under nitrogen. The solution 
was then allowed to cool to room temperature and evaporated to dryness in vacuo. The 
brown residue remaining was redissolved in DCM (10 cm3) and filtered through a pad of 
silica, eluting with DCM to afford a yellow oil. Column chromatography (neutral 
silica/9: 1 DCM/ethyl acetate) gave the title sulphonamide as the second fraction, a yellow 
oil (0.58 g, 81.6 %), (Found: C, 59.8; H, 6.05; N, 3.0. C23H27NS07 requires C, 59.85; H, 
5.9; N, 3.0 %); v, Y, a, (thin film/DCM)/cm 
1: 3065 (C-H aromatic), 1728 (C=O ester), 1642 
(C=C alkene), 1599 (C=C aromatic), 1340 and 1160 (S(=0)2 sulphonamide); SH(300 
MHz; CDC13) 1.67 (3 H, s, -CH3), 2.41 (3 H, s, -CH3), 3.42-3.47 (3 H, in, N-CH2 and 
CH), 3.74 (3 H, S. CO2CH3), 3.77 (3 H, S. CO2CH3), 4.45 (1 H, d, J 12.0, N- 
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CHH), 4.47 (1 H, d, J 12.0, N-CHH), 4.80 (1 H, br s, C=CHH), 4.97 (1 H, br s, C=CHH), 
5.99 (1 H, s, C=CH), 6.08 (1 H, d, J 2.4,3-furyl H), 6.21 (1 H, dd, J 1.9 and 2.4,4-furyl 
H), 7.17 (1 H, d, J 1.9,5-furyl H), 7.22 (2 H, d, J 8.2, Ar), 7.60 (2 H, d, J 8.2, Ar); m/z 
(CI) 479 (M + NH4+). 
cis-(3RS, 4RS)-N-(Triphenylmethyl)-3-isopropenyl-4-methylpyrrolidine (139) 
A solution of N-(triphenylmethyl)-N-(allyl)-3-methylbut-2-enylamine (138) (0.16 g, 4.4 
mmol) in xylenes (2 cm3) was heated to reflux under nitrogen. Monitoring of the 
cyclisation by 1H NMR indicated that the cyclisation had reached completion after 102 h 
and solvent was removed in vacuo. The orange oil remaining was then filtered through a 
pad of silica, eluting with DCM, to afford the title pyrrolidine as a yellow oil (0.14 g, 
87.5 %), (Found: C, 88.2; H, 7.9; N, 3.7. C27H29N requires C, 88.2; H, 7.95; N, 3.8 %); 
vmax(thin film/DCM)/cm 1: 3084,3058,3029 (C-H aromatic), 2965,2927,2871 (C-H 
aliphatic), 1646 (C=C alkene), 1597 (C=C aromatic), 1265 (C-N amine); 6H(300 MHz; 
CDC13) 0.57 (3 H, d, J 7.0, -CH3), 1.61 (3 H, s, -CH3), 2.05-2.18 (2 H, m, 2x CH), 2.42- 
2.51 (2 H, m, 2x N-CH), 2.70-2.95 (2 H, m, 2x N-CH), 4.51 (1 H, br s, C=CHH), 4.73 
(1 H, br s, C=CHH), 7.13-7.51 (15 H, m, Ar). 
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N-(Triphenylmethyl)-3-isopropenyl-4-methylenepyrrolidine (146) 
A solution of N-(triphenylmethyl)-N-(prop-2-ynyl)-3-methylbut-2-enylamine (145) (0.51 
g, 1.4 mmol) in dry toluene (20 cm3) was heated to reflux under nitrogen for 75 h. The 
solvent was then removed and the light brown residue redissolved in DCM and filtered 
through a pad of silica, eluting with DCM, to afford the product as an off-white powder. 
Recrystallisation from hot methanol gave the title pyrrolidine as a white powder (0.39 g, 
76.5 %), mp 143-145°C; (Found: C, 88.5; H, 7.7; N, 4.0. C27H27N requires C, 88.7; H, 
7.45; N, 3.8 %); Vmax(thin film/DCM)/cm 1: 3059 and 3031 (C-H aromatic), 2977 (C-H 
aliphatic), 1644 (C=C alkene), 1596 (C=C aromatic), 1271 (C-N amine); 8H(300 MHz; 
CDC13) 1.56 (3 H, s, -CH3), 2.19 (1 H, t, J 7.0, CH), 2.81 (2 H, m, 2x N-CH), 3.28 (2 H, 
m, 2x N-CH), 4.75 (1 H, br s, C=CHH), 4.80 (1 H, br s, C=CHH), 4.83 (1 H, s, 
C=CHH), 4.91 (1 H, br s, C=CHH), 1.04-7.61 (15 H, m, Ar); m/z (CI) 366 (MH+). 
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Cis-(3RS, 4RS)-Methyl 4-isopropenyl-l-tert-butoxycarbonylpyrrolidin-3-ylacetate94 
(168a) and trans-(3RS, 4SR)-methyl 4-isopropenyl-l-tert-butoxycarbonylpyrrolidin- 
3-ylacetate94 (169a) 
CO2CH3 / ý%% C02CHg 
N 
oo o^o ,, 4ý- 
168a 169a 
A solution of N-(tert-butoxycarbonyl)-N-(transmethyl-4-but-2-enoate)-3-methylbut-2- 
enylamine (153a) (0.31 g, 1.9 mmol) in d2-tetrachloroethane (5 cm3) was heated to reflux 
under nitrogen for 66 h. Solvent was then removed in vacuo and the residue remaining 
filtered through a pad of silica, eluting with DCM to give, as a mixture of the cis and 
trans isomers, the title pyrrolidine as a pale yellow oil (0.17 g, 55.4 %); Vmax(thin 
film/DCM)/cm 1: 2964 and 2907 (C-H aliphatic), 1737 (C=O ester), 1706 (C=O 
carbamate), 1261 (C-C-O ester); m/z (EI) 284 (MH+). The 1H NMR spectrum gave a 
complex mixture of isomers, the assignable peaks being for the cis isomer: SH(500 MHz; 
d2-tetrachloroethane): 4.64 (1 H, br s, C=CHH), 4.88 (1 H, br s, C=CHH) and for the 
trans isomer: 4.79 (1 H, br s, C=CHH), 4.85 (1 H, br s, C=CHH). Approximate ratio 
(cis/trans) 76: 24. A full spectrum is included in the Appendix on page 183. 
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Cis-(3RS, 4RS)-Methyl 4-isopropenyl-l-trifluoroacetylpyrrolidin-3-ylacetate94 
(168b) and trans-(3RS, 4SR)-methyl 4-isopropenyl-l-trifluoroacetylpyrrolidin-3- 
ylacetate94 (169b) 
168b 169b 
A solution of N-(trifluoroacetyl)-N-(transmethyl-4-but-2-enoate)-3-methylbut-2- 
enylamine (153b) (0.11 g, 0.4 mmol) in d2-tetrachloroethane (3 cm3) was heated to reflux 
under argon for 42 h. Solvent was then removed under reduced pressure and the residue 
remaining redissolved in the minimum amount of DCM. Column chromatography 
(neutral silica/4: 1 hexane/ethyl acetate) gave the title pyrrolidine as the second fraction, a 
mixture of cis and trans isomers as a colourless oil (0.011 g, 30.6 %); vmax(thin 
film/DCM)/cm 1: 2926 (C-H aliphatic), 1738 (C=O ester), 1694 (C=O amide), 1249 (C- 
C-0 ester), 1145 (C-F -CF3). The 
1H NMR spectrum gave a complex mixture of isomers, 
the assignable peaks being for the cis isomer: 6H(300 MHz; CDC13): 4.67 (1 H, br s, 
C=CHH), 4.74 (1 H, br s, C=CHH) and for the trans isomer: 4.90 (2 H, br s, C=CH2). 
Approximate ratio (cis/traps) 82: 18. A full spectrum is included in the Appendix on page 
184-5. 
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Cis-(3RS, 4RS)-Methyl 4-isopropenyl-l-triphenylmethylpyrrolidin-3-ylacetate (168c) 
and trans-(3RS, 4SR)-methyl 4-isopropenyl-l-triphenylmethylpyrrolidin-3-ylacetate 
(169c) 
168c 169c 
A solution of N-(triphenylmethyl)-N-(transmethyl-4-but-2-enoate)-3-methylbut-2- 
enylamine (153c) (0.096 g, 0.2 mmol) in d8-toluene (4 cm3) was heated to 98°C under 
argon for 78 h. Solvent was then removed in vacuo and the residue remaining purified by 
column chromatography (neutral silica/DCM)-loaded using 5% triethylamine in DCM, 
to afford, as a mixture of cis and trans isomers, the title pyrrolidine as the first fraction, a 
yellow oil (0.071 g, 74.0 %). v,,, a,, (thin film/DCM)/cm 
1: 3083,3058,3031 (C-H 
aromatic), 2857 (C-H aliphatic), 1737 (C=O ester), 1596 (C=C aromatic), 1265 (C-C-O 
ester). The 1H NMR spectrum gave a complex mixture of isomers, the assignable peaks 
being for the cis isomer: 6H(300 MHz; CDC13): 4.59 (1 H, br s, C=CHH), 4.78 (1 H, br s, 
C=CHH) and for the trans isomer: 4.62 (2 H, br s, C=CH2). Approximate ratio 
(cis/trans) 88: 12. A full spectrum is included in the Appendix on page 186-7. 
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Cis-(3RS, 4RS)-Methyl 4-isopropenyl-l-benzylpyrrolidin-3-ylacetate (168d) and 
trans-(3RS, 4SR)-methyl 4-isopropenyl-l-benzylpyrrolidin-3-ylacetate (169d) 
168d 169d 
A solution of N-(benzyl)-N-(transmethyl-4-but-2-enoate)-3-methylbut-2-enylamine 
(153d) (0.078 g, 0.3 mmol) in xylenes (4 cm3) was heated to reflux under nitrogen for 87 
h. Solvent was then removed under reduced pressure to leave an orange residue which 
was filtered through a pad of silica, eluting with DCM. Column chromatography (neutral 
silica/2: 1 hexane/diethyl ether) gave the title pyrrolidine as a mixture of cis and trans 
isomers to afford a yellow oil (0.044 g, 56.4 %); Vmax(thin film/DCM)/cm 1: 2954 (C-H 
aliphatic), 1737 (C=O ester), 1261 (C-C-O ester); Found (EI) 274.1771; C17H23NO2"H+ 
requires 274.1802. The 1H NMR spectrum gave a complex mixture of isomers, the 
assignable peaks being for the cis isomer: SH(500 MHz; CDC13): 4.70 (1 H, br s, 
C=CHH), 4.87 (1 H, br s, C=CHH) and for the trans isomer: 4.73 (1 H, br s, C=CHH), 
4.75 (1 H, br s, C=CHH). Approximate ratio (cis/traps) 84: 16. A full spectrum is 
included in the Appendix on page 188-9. 
General procedure for the NMR thermolysis study of (153a-d) 
A sample of the ene precursor (153a-d) (10-20 mg) in d2-tetrachloroethane (1 cm) (d8- 
toluene for (153c)) was placed in an NMR tube and then placed inside the spectrometer 
(Bruker Avance DPX-500). To ensure greater homogeneity Wilmad 507-pp standard 
research grade NMR tubes were used in this study. The internal temperature of the 
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spectrometer was then raised to 130°C (100°C for (153c)) in 15°C stages, allowing a 
short time for the spectrometer temperature to equilibrate and a slightly longer time (3-4 
minutes) for equilibration at the desired temperature. Spectra were then recorded at 
hourly intervals for 24 hours. For analysis, the disappearance of starting material peaks 
was measured by integration within each spectral subset and compared as a ratio with the 
initial integral reading. 
Cis-(3RS, 4RS)-N-(Triphenylmethyl)-4-isopropenylpyrrolidin-3-o1 (171 a) and trans- 
(3RS, 4SR)-N-(triphenylmethyl)-4-isopropenylpyrrolidin-3-oi (172a) 
)\ 
-/ 
OH 
171a 172a 
A solution of N-(triphenylmethyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (170a) (0.36 
g, 1.0 mmol) in dry toluene (20 cm3) was heated to 84°C under argon for 18 h, followed 
by removal of solvent in vacuo. Analysis of the crude mixture by 1H NMR indicated a 
mixture of isomers (9: 1) in favour of the cis isomer. Column chromatography (neutral 
silica/2: 1 hexane/diethyl ether), loaded using 10 % triethylamine in 2: 1 hexane/diethyl 
ether, gave the cis isomer as the fourth fraction, a yellow oil (0.14 g, 38.9 %) and the 
trans isomer as the fifth fraction, a yellow oil (0.021 g, 5.8 %). 
Cis isomer (171 a): v,,.,, (thin film/DCM)/cm': 3084,3058,3032 (C-H aromatic), 2929 
(C-H aliphatic), 1648 (C=C alkene), 1597 (C=C aromatic), 1069 (C-O alcohol); 8H(500 
MHz; CDC13) 1.74 (3 H, s, -CH3), 2.46-2.48 (1 H, m, CH), 2.64-2.87 (5 H, m, 2 xN-CH2 
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and OH), 4.16 (1 H, br s, CH), 4.73 (1 H, br s, C=CH), 4.94 91 H, br s, C=CH), 7.15-7.53 
(15 H, m, Ar); Found (CI) 370.2161; C26H27NO"H+ requires 370.2165. 
Trans isomer (172a): v,, a,, (thin film/DCM)/cm': 3057 
(C-H aromatic), 2928 (C-H 
aliphatic), 1647 (C=C alkene, 1596 (C=C aromatic), 1066 (C-O alcohol); SH(500 MHz; 
CDC13) 1.66 (3 H, s, -CH3), 1.78 (1 H, br s, OH), 2.08 (1 H, dd, J 8.1 and 9.4, N-CH), 
2.38 (1 H, dd, J 5.8 and 10.1, N-CH), 2.55 (1 H, ddd, J 3.4,8.8,9.4, N-CH), 2.68 (1 H, 
dd, J 3.4,10.1, N-CH), 2.96 (1 H, dd, J 8.1,8.8, N-CH), 3.97 (1 H, br s, CH), 4.62 (1 H, 
br s, C=CH), 4.70 (1 H, br s, C=CH), 7.16-7.51 (15 H, m, Ar); Found (CI) 370.2155; 
C26H27NO"H+ requires 370.2165. 
cis-(3RS, 4RS)-N-(Diphenylphosphinoyl)-4-isopropenylpyrrolidin-3-ol (171b) 
,, 
OH 
-1, 
A solution of N-(diphenylphosphinoyl)-N-(2-oxoethyl)-3-methylbut-2-enylamine (170b) 
(0.37 g, 1.1 mmol) in d8-toluene (8 cm) was heated to 84°C under argon for 70 h. 
Solvent was then removed in vacuo and the residue remaining filtered through a pad of 
silica, eluting with DCM. Column chromatography (neutral silica/95: 5 ethyl 
acetate/methanol) gave the title pyrrolidine as a pale yellow oil (0.27 g, 72.6 %); 
vtax(thin film/diethyl ether)/cm 1: 3058 (C-H aromatic), 2931 (C-H aliphatic), 1592 (C=C 
aromatic), 1439 (P-Ph), 1182 (P=O), 1071 (C-O alcohol); SH(500 MHz; CDC13) 1.82 (3 
H, s, -CH3), 2.81-2.83 (1 H, m, CH), 3.24-3.39 (4 H, m, 2x N-CH2), 4.21 (1 H, br s, 
OH), 4.33 (1 H, m, CH), 4.72 (1 H, br s, C=CH), 5.00 (1 H, br s, C=CH), 7.37-7.53 (6 H, 
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m, Ar), 7.78-7.93 (4 H, m, Ar); Found (CI) 328.1454; C19H22NPO2"H+ requires 
324.1461. 
8 p-Toluenesulphonyl-8-aza-1,4-epoxybicyclo[4.3.0]non-2-ene ß-cyclodextrin 
Complex (231) 
To a well-stirred solution of ß-cyclodextrin (0.42 g, 0.4 mmol) in water (30.6 cm3) was 
added N-(allyl)-N-(4-toluenesulphonyl)-2-furfurylamine (341) (0.11 g, 0.4 mmol) in 
methanol (0.6 cm) . The resulting solution was refluxed 
for 4h then allowed to cool to 
room temperature. A precipitate formed which was collected by filtration and 
recrystallised from water to afford the 1: 1 complex as a white powder (0.18 g, 34.1 
mp >240°C; [a]D25.9 + 126.5 (c = 3.4 x 10-3,1=1, water); (Found: C, 46.1; H, 6.7; N, 0.7. 
C57H87NS038.3H20 requires C, 46.25; H, 6.3; N, 0.95 %); v,,, ax(thin film/Nujol)/cm 
1: 
3331 (0-H alcohol), 1639 (C=C aliphatic), 1600 (C=C aromatic), 1327 and 1152 (S(=O)2 
sulphonamide), 1020 (C-0 alcohol); 8u(500 MHz; D2O) 1.49-1.57 (2 H, m), 1.97-2.03 (1 
H, m), 1.50 (3 H, s), 2.64 -2.72 (1 H, m), 4.41 (1 H, dd, J 11.6 and 28.4), 3.59-3.92 (65 
H, m), 5.01 (1 H, d, J 3.1), 5.06 (7 H, d, J 3.5), 6.34 (1 H, dd, J 3.1 and 8.0), 6.52 (1 H, d, 
J 8.0), 7.48 (2 H, d, J 8.1), 7.64 (2 H, d, J 8.1). 
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8-Benzyl-8-aza-1,4-epoxybicyclo[4.3.0]non-2-ene ß-cyclodextrin complex (234) 
To a well-stirred solution of ß-cyclodextrin (1.05 g, 0.9 mmol) in water (77 cm3) at reflux 
was added N-(benzyl)-N-(allyl)-2-furfurylamine (34d) (0.21 g, 0.9 mmol) in DMSO (2.5 
cm3). The resulting solution was refluxed for 8 h, then cooled to room temperature 
before storing at 5°C overnight. A precipitate formed and this was collected by filtration 
then recrystallised from water to afford the 1: 1 complex as a white power (0.34 g, 26.9 
%), nip > 225°C; [cL D25.5 + 123.8 (c = 2.1 x 10-3,1= 1, water); (Found: C, 48.2; H, 6.7; 
N, 0.7. C57H87NO36.3H20 requires C, 48.3; H, 6.6; N, 1.0 %); v,,, ax(thin film/Nujol)/cm 
1: 
3313 (0-H alcohol), 1639 (C=C alkene), 1021 (C-0 alcohol); SH(500 MHz; D20) 1.44 (1 
H, dd, J 7.6,11.6), 1.70-1.73 (1 H, m), 2.01-2.03 (1 H, m), 2.18-2.24 (1 H, m), 2.78 (1 H, 
dd, J 6.7,12.6), 3.16 (1 H, t, J 7.0), 3.51-3.95 (66 H, m), 5.07 (7 H, d, J 3.6), 5.09 (1 H, 
d, J 4.1), 6.42 (1 H, d, J 5.9), 6.50 (1 H, dd, J 4.1,5.9), 7.37-7.43 (5 H, m). 
General procedure for the ß-cyclodextrin Diels-Alder thermolysis study 
For both the control and the equimolar ß-cyclodextrin containing samples a solvent 
system of 9: 1 deuterium oxide/d6-DMSO was used at a substrate concentration of 0.012 
M. The solvent was in this case heated to a constant 61°C under argon prior to mixing 
with substrate (34d) (control sample) or ß-cyclodextrin followed by addition of substrate 
(34d) (test sample). After thorough mixing for ca. 1 min an aliquot (1 cm) of material 
was placed in an NMR tube (Wilmad 507-pp standard research grade NMR tubes) which 
was then flushed with argon. The NMR tube was then placed in the NMR machine 
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(Bruker Avance DPX 500). The spectrometer was equilibrated at the desired temperature 
with a third, "dummy" sample to ensure complete homogeneity of the machine 
temperature and thus the conditions for the two cyclisations. By using a dummy sample 
similar to the test samples the need for a lengthy setup procedure (e. g. shimming, tuning 
etc. ) was avoided. The cyclisations were studied at 90°C with spectra recorded at 10 
minute intervals. For analysis, the disappearance of starting material peaks was measured 
by integration within each spectral subset and compared as a ratio with the initial integral 
reading. 
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